Analysis of pre-ribosomal processing and assembly factors in Saccharomyces cerevisiae by Thomson, Emma
Analysis of Pre-Ribosomal Processing and Assembly 
Factors in Saccharomyces cerevisiae 
Emma Thomson 
I N 
A thesis presented for the degree of Doctor of Philosophy 




I hereby declare that I alone have composed this thesis and that, except 




I first heard of the Tollervey lab as an undergraduate and was fortunate to work in it 
for my Honours project. After a couple of years of respite, David accepted me as a 
PhD student. Therefore, thanks must first go to David Tollervey for having me in his 
lab. His is a great lab to work in and I feel genuinely lucky to be here. 
Thanks to everybody in the Tollervey lab, past and present, who have helped me on 
my way. I must especially thank Aziz El Hage and Kim Kotovic who have read and 
given me helpful feedback on my thesis. Thanks to Christophe Dez and Martin Kos, 
my ribosome buddies who have always helped to answer questions, technical and 
theoretical. Thanks to Laura Milligan, who has been my sanity on many occasions. I 
acknowledge the BBSRC for my studentship and the Wellcome trust for research 
costs. 
Thanks to friends, here in Edinburgh and those further afield for remaining interested 
in what I was doing. Thanks to my brother Christian, an unexpected, but not totally 
unpleasant () flatmate for the last couple of years- you've kept my feet firmly on the 
ground. And my mum and dad, what to say... .this is the culmination of a lot of work, 
through which you have offered me unconditional love, counsel and support. I can't 
begin to describe my gratitude. Thank you. 
11 
Abstract 
The 80S yeast ribosome is composed of a large 60S subunit, containing the 25S, 
5.8S and 5S rRNA, and a small 40S subunit containing only the 18S rRNA species. 
The 18S, 5.8S and 25S rRNA species are co-transcribed as a 35S polycistronic 
precursor in the nucleolus. The 35S pre-rRNA undergoes a series of endonucleolytic 
cleavages and exonucleolytic processing steps to yield the mature species. This 
process has been extensively studied in the genetically tractable model organism 
Saccharomyces cerevisiae, and most intermediate steps are well characterised. 
Processing of the pre-rRNAs occurs within pre-ribosomal particles that contain, in 
addition to pre-rRNA and ribosomal proteins, a plethora of trans-acting processing, 
modification and assembly factors, most of which are essential for cell viability. 
These non-ribosomal proteins form transient interactions with the pre-ribosomal 
particles, generating dynamic structures with continuously changing protein 
compositions. 
To gain further insight into the pre-rRNA processing and maturation pathway, I 
identified three putative ribosome synthesis factors, N0P53, NOP9 and SDO1 
through a bioinformatic approach. I constructed conditionally expressed alleles of 
each gene to analyse the effect of depletion of these proteins. Additionally, yeast 
strains expressing epitope or fluorescently tagged versions of each protein were 
constructed to study the association of each novel factor with pre-ribosomal particles 
and their localization. 
In cells depleted of Nop53p, synthesis of mature rRNA components of the 60S 
ribosomal subunit is severely inhibited. This aberration causes defective pre-60S 
subunits to accumulate in the nucleus, since only subunits that are accurately 
assembled and sufficiently mature gain export competence. These particles are likely 
to contain the 7S and 25S' pre-rRNAs, both of which strongly accumulate in a 
Nop53p depleted strain. Together this suggests that Nop53p is required for pre-60S 
particles to gain export competence. Nop53p has been identified as a protein that co-
precipitated with Trt4p and Mtr4p, components of the TRAMP complex, which 
function together with the exosome in the surveillance and degradation of defective 
pre-ribosomes. It appears that pre-rRNAs which accumulate in Nop53p depleted 
cells are not subject to polyadenylation, which we hypothesise prevents efficient 
targeting of late pre-60S ribosomes for degradation by the TRAM P/exosome system. 
Nop9p is a nucleolar protein that co-purifies with the 20S pre-rRNA. On depletion of 
Nop9p the synthesis of mature 18S rRNA is severely inhibited due to a delay in early 
cleavage steps, whereby 20S fails to be synthesised. Movement of 90S and/or pre-
40S particles from the nucleolus to the nucleoplasm and cytoplasm is inhibited on 
depletion of Nop9p. Nop9p contains a pumilio-like RNA binding motif and in vitro 
binding assays demonstrate that Nop9p is capable of binding RNA. 
From a genome-wide study of mutants defective in RNA metabolism Sdolp was 
identified as being required for the processing of the 35S pre-rRNA species. The 
human homologue of Sdol p, SBDS, encodes a protein mutated in the marrow failure 
condition, hwachman-odian Diamond syndrome (SBDS). Consistent with the 
finding that Sdol p associates with pre-60S ribosomes, depletion of Sdol p results in 
a short delay in the synthesis of 5.8S rRNA. Additionally, the aberrant 23S pre-rRNA 
accumulates but, unusually, not at the expense of the 20S pre-rRNA which is 
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1.1 The rDNA locus and RNA Polymerase I transcription 
1.1.1 The rDNA locus 
Yeast ribosomes are large ribonucleoprotein (RNP) particles, composed of 80 
ribosomal proteins (RPs) and four distinct species of ribosomal RNA (rRNA), the 25S, 
18S, 5.8S and 5S. Each mature ribosome contains an equimolar amount of each 
component, with one copy of each rRNA and a single copy of each of the RPs. The 
80S ribosome in Saccharomyces cerevisiae is comprised of a large 60S subunit 
(containing the 25S, 5.8S, and 5S rRNA and 45 proteins) and a small 40S subunit 
(containing only the 18S rANA and 32 proteins). An exponentially growing yeast cell 
contains some 200,000 ribosomes, requiring approximately 2,000 ribosomes to be 
synthesised every minute to keep up with demand. This places enormous energetic 
demands on a cell, with the coordinated activity of all three RNA polymerases 
required to make a ribosome. Three out of the four mature rRNA species, the 18S, 
5.8S and 25S, are co-transcribed by RNA polymerase I (Poll) as a single 9.137Kb 
polycistronic transcript. This transcription activity accounts for approx 60% of total 
transcription activity in actively growing animal, plant and yeast cells. RNA 
polymerase II (P01 II) activity is required to synthesise ribosomal proteins which 
accounts for 50% of cellular P0111 transcription activity (Warner et al., 2001). Finally, 
the fourth rRNA species, 5S is synthesised by RNA polymerase Ill (P01111). 
To meet the enormous demand for rRNA there exists multiple copies of the rDNA 
sequence. In Saccharomyces cerevisiae there are 100-200 copies of the rDNA 
sequence arranged in a tandem array, accounting for 1-2Mbp of the genome. The 
number of repeats can rise to bOOs of copies in some plants. The rONA repeat 
forms the RDN1 locus (see Fig. 1.1), located on the right arm of chromosome XII in 
Saccharomyces cerevisiae. Not all species carry all copies of the rDNA at a single 
genomic locus. In mammalian cells clusters of rDNA genes, called nucleolar 
organiser regions (NORs), are present on each of the 5 acrocentric chromosomes. In 
yeast the gene encoding 5S rRNA is also found within the rDNA repeat region, 
encoded on the opposite strand to the 35S, between the intergenic spacers 1 and 2 
(IGS1 and IGS2). However, this arrangement is peculiar to Saccharomyces 
cerevisiae as other eukaryotes encode 5S rRNA at separate genomic loci. 
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Figure 1.1: Organisation of a S.cerevisiae rDNA unit and 35S pre-rRNA operon. (A) The 
organisation of a single 9.1 Kb rDNA unit. This consists of three mature rRNA sequences 
transcribed as a single operon and two intergenic spacers (IGS) separated by the 5S rRNA 
gene that is transcribed in the opposite direction. (B) Structure of the 35S pre-rRNA and 
location of processing sites. In the pre-rRNA the regions encoding the 18S, 5.8S and 25S 
rRNAs are flanked by the 5' and 3' external transcribed spacers, (ETS), and are separated by 
internal transcribed sequences (ITS) 1 and 2. 
The repetitive nature of the rDNA sequence gives rise to high levels of recombination 
between the repeat units. Consequently, the number of rDNA repeats is prone to 
extension and contraction. Recombination between rDNA repeats has been shown to 
be a Fobip dependent mechanism (Kobayashi et al., 1998). Fobip binds to the 
replication fork barrier (RFB), a DNA sequence found within IGS1, which serves to 
prevent collision of DNA polymerase with the highly active P01 I during DNA 
replication (Kobayashi, 2003). Fobl p is believed to mediate both RFB activity and 
recombination between the rDNA repeats via a double-strand break and repair 
activity. Unequal recombination events between sister chromatids, following a double 
strand break at the RFB, is thought to account for increases or decreases in the 
rDNA repeat number. The exact activity of Fobi p and the link between recombination 
and RFB activity remains to be established. While Fobip promotes rDNA 
recombination events, Sir2p inhibits them. Sir2p was first identified as a histone 
deacetylase (Braunstein et al., 1993; lmai et al., 2000) required for chromatin based 
silencing, that acted at several genomic positions including the rDNA repeats. Sir2p 
ki 
was subsequently found to be a protein deacetylase that plays an inhibitory role in 
recombination events by promoting sister-chromatid cohesion, thus decreasing the 
prevalence of recombination events (Kobayashi et al., 2004). 
There appears to be no simple correlation between the number of rDNA copies and 
growth rate. Strains can be engineered to contain a stable number of repeats, by the 
deletion of FOB 1, and it has been found that a strains containing 40 repeats or 150 
repeats show the same rate of growth (Kobayashi et al., 1998; French et al., 2003). 
On reintroduction of Fobl p the number of rDNA repeats increase to 150 copies, but 
no more. It has been suggested that a cell has an optimal number of repeats and that 
this reflects the number required for a stable nucleolar structure (Nomura, 2001). 
Although highly conserved in all eukaryotes, there is no absolute requirement for the 
rDNA tandem repeats and P01 I system of rRNA transcription. Yeast strains are 
viable when all endogenous copies of the rDNA repeats have been deleted and 
where rRNA production is reliant on multicopy "helper" plasmids which encode a 
single rDNA unit, transcribed by either P01 I or P0111 (Nierras et al., 1997; Oakes et 
al., 1998; Wai et al., 2000). 
1. 1.2 RNA polymerase I transcription 
P01 I contains 14 subunits, half of which are unique to this polymerase. It remains 
unclear if Pol I binds to the rDNA promoters as a holoenzyme, which has been 
biochemically purified from mammalian cells, or is assembled on the rDNA repeats 
from individual subunits, as suggested by kinetic studies (Saez-Vasquez & Pikaard, 
1997; Seither et al., 1998; Dundr et al., 2002). Studies in yeast indicate that P01 I 
remains intact for multiple round of transcription without the dissociation of subunits 
(Schneider & Nomura, 2004). The P01 I promoters at the rDNA loci contain two 
sequence elements, the core promoter required for basal transcription and the 
upstream element (LIE) required for optimal levels of transcription (Wai et al., 2000). 
From in vitro reconstitution assays basal transcription from the core promoter 
requires, in addition to Pol I, the Core Factor (CF) and Rrn3p. Rrn3p physically 
interacts with Pol I, promoting its association with the promoter. Additional 
transcription factors are required for high levels of transcription, including the TATA 
binding protein (TBP) and the multi-component upstream activation factor (UAF). The 
UAF binds to the UE and stimulates the recruitment of the CF, possibly via the TBP 
(Lin et al., 1996; Steffan et al., 1996; Steffan et al., 1998). Together these 
transcription factors and P01 I form the pre-initiation complex where the promoter is 
believed to be in an "open" conformation and transcriptionally competent. An 
additional role has been attributed to components of UAF in the silencing of P0111 
within rDNA repeats (Oakes et al., 1999; Vu et al., 1999; Siddiqi et a)., 2001). Once 
P01 I has cleared the promoter region the polymerase converts from its initiation 
conformation to an elongation mode, while transcription factors remain bound to the 
promoter region, awaiting binding of the next polymerase (Bier et al., 2004). It has 
been estimated that as many as 100 P01 I molecules are present in any one gene 
which corresponds to an elongating Pol I every 70 nucleotides (nts) (Warner et al., 
2001). 
The site of transcription termination is contentious, with a number of possible sites 
suggested in the literature. Termination of Pol I transcription was initially mapped in 
vivo to occur some 210 bases downstream of the 3' end of 25S end (Kempers-
Veenstra, 1986). However from Si mapping, RT-PCR and in vitro reconstitution a 
double terminator system was uncovered. The primary transcriptional stop 
corresponds to a Rebip binding site +93 nt from the 3' end of the 25S. 90% of 
transcripts are reported to stop at this site, but those that read-through terminate at a 
fail-safe terminator at a position +250 nt from the 3' end of 25S rRNA (Reeder & 
Lang, 1997; Reeder et al., 1999). Following transcription termination, Poll is released 
and is thought to be recycled to the promoter to begin another round of transcription. 
The regulation of pre-rRNA transcription and, consequently, the number of ribosomes 
made is controlled by multiple mechanisms at the level of rRNA transcription. Not all 
copies of rRNA genes are actively transcribed, even in exponentially growing cells. At 
any one time between 50-95% of rDNA genes are transcriptionally inactive. During 
exponential growth in Saccharomyces cerevisiae approx 50% of rDNA repeats are in 
an open conformation, and are transcriptionally active (Nomura, 2001). However 
when cells reach stationary phase fewer repeats are in an active conformation. 
Transcriptional silencing of rRNA genes is achieved via chromatin remodelling, 
where nucleosomes are positioned in close proximity to the promoter sequences, 
preventing the binding of transcription activators (Smith & Boeke, 1997). 
Regulation of rRNA transcription is also achieved through alterations in the loading of 
Poll. The number of Pol I molecules present on transcriptionally active rRNA genes 
can fluctuate globally (French et al., 2003). When the number of active repeats are 
increased or decreased the amount of rRNA being produced remains constant, 
suggesting that fluctuation of P01 I loading can compensate for a change in the 
number of active genes. Further, P01 I loading has been shown to differ between 
genes suggesting that transcriptionally active genes can vary in their output (French 
et al., 2003). These two modes of regulation, chromatin remodelling and P01 I 
loading, are not mutually exclusive. Chromatin remodelling may control the long-term 
state of transcription activity, whereas modulation of P01 I loading onto rDNA repeats 
may be utilised to meet short-term demands. 
The RDN1 locus is housed within a sub-nuclear compartment, the nucleolus, and it is 
within this non-membrane bound organelle that transcription of the pre-rRNA5 is 
carried out as well as much of the early processing and assembly of pre-ribosomal 
particles. 
1.2 The nucleolus 
1.2.1 Nucleolar structure 
The yeast nucleolus occupies approximately a third of the total nuclear volume, and 
was first visualised by light microscopy over 100 years ago. It has been widely 
suggested that the nucleolus is "formed by the act of making a ribosome" (Mélèse & 
Xue, 1995) and is defined by its function. The nucleolus in Saccharomyces cerevisiae 
is crescent shaped and is invariably found to be associated with the nuclear 
envelope. In mammalian cells the gross morphology of the nucleolus is different as it 
appears spherical and is not visibly attached to the nuclear envelope. Nucleolar 
positioning appears to be a consequence of the position of the rDNA and the identity 
of the transcribing polymerase. Extra-chromosomal driven rRNA expression results in 
variation of the, normally constant, positioning of nucleoli within the nucleus. Pol I 
helper plasmids generate multiple mini-nucleoli, positioned primarily next to the 
nuclear envelope, while a P01 II helper plasmid generates a round nucleolus, which 
lacks contact with the nuclear envelope (Oakes et al., 1998; Trumtel et al., 2000). 
Similarly in UAF mutants, when endogenous rDNA transcription is driven by Pol II, 
contact between the nucleolus and the nuclear envelope is lost (Oakes et al., 1999). 
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From images obtained through cryo-electron microscopy the nucleolus has been split 
into 3 morphologically distinct, and evolutionarily conserved substructures (see Fig. 
1.2). These comprise the low electron density fibrillar centres (FC), surrounded by the 
dense fibrillar component (DFC) and finally the granular component (GC) (Leger -
Silvestre et at., 1999; Scheer & Hock, 1999). Much effort has been spent trying to 
attribute specific steps in ribosome biogenesis to each of the nucleolar sub-regions, 
however many details remain contentious. 
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Figure 1.2: Nucleolar structure. Nucleolar structure in Saccharomyces cerevisiae, 
visualized by cryo-electron microscopy. Three distinct morphological compartments are 
identified within the nucleolus: fibrillar centres (FC), dense fibrillar component (DFC) and the 
granular component (GC). * Shows the position of nuclear pore complexes (Leger-Silvestre et 
at., 1999). 
The yeast nucleolus is organised around the tandem rDNA repeats where 
transcription occurs, generating pre-rRNA. In situ hybridisation has suggested that 
the majority of rDNA localises to the FC and was therefore predicted to be the region 
of rDNA transcription. Indeed, if transcription from rDNA is elevated the number of FC 
regions increase proportionally. If there is no transcription from chromosomal rDNA 
(in strains that rely on helper plasmids) then FCs and the rest of the nucleolus fails to 
form (Oakes et al., 1998). However, Poll and pre-rRNAs appear to be excluded from 
FCs, leading to the suggestion that FCs represent transcriptionally inactive forms of 
rDNA. The nucleolus is not a static organelle, but highly dynamic, which helps 
explain the difficulty in attributing specific functions to each sub-compartment. For 
example, it can be envisaged that while the rDNA may reside in the FC, as the pre-
rRNA is being transcribed and modification factors, processing factors and ribosomal 
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proteins assemble on the nascent transcript, the FC merges into the DFC. Consistent 
with this hypothesis, measurement of BrUTP incorporation suggests that while 
transcription may be initiated in the FC, on going transcription takes place in the DFC 
(Cheutin et al., 2002). 
The DFC contains many of the early processing, modification and assembly factors 
in addition to Pol I. This suggests that the DFC is the region where the first pre-
ribosomal particle, the 90S/SSU processome, assembles on the nascent transcript, 
reportedly in a co-transcriptional manner (Beven et al., 1996; Cmarko et al., 2000). It 
has been hypothesised that release of pre-ribosomal particles from the DFC to the 
GC, where later processing and assembly factors are located, is triggered by the 
separation of the 90S into pre-60S and pre-40S subunits (Gadal et al., 2002). 
Nucleolar morphology can be viewed as a visible, structural manifestation of 
ribosome biogenesis, as without continual ribosome synthesis there is no 
recognisable nucleolus. In mammalian cells the nucleolus, like the rest of the 
nucleus, breaks down during mitosis. This results in, or is a consequence of, a pause 
in P01 I transcription and rRNA processing (Heix et al., 1998; Hernandez-Verdun et 
al., 2002). In late telophase transcription is reinitiated at each of the chromosomal 
nucleolar organiser regions (NORs), which house the rDNA, generating mini-nucleoli. 
These individual NORs can then coalesce to form a single nucleolar structure in 
interphase. Saccharomyces cerevisiae completes a closed mitosis where the nuclear 
membrane does not break down. P01 I transcription reportedly does not pause and 
consequently the nucleolus does not break down (Elliott & McLaughlin, 1979; 
D'Amours et al., 2004). 
A nucleolus is not required for the synthesis of functional ribosomes. In yeast, extra-
chromosomal copies of the rDNA (and in flies chromosomally integrated rDNA 
regions) are sufficient for the transcription of pre-rRNA and cell survival (Karpen et 
at., 1988; Oakes et at., 1998). Mini-nucleoli form around plasmid borne copies of the 
rDNA and neither transcription of the pre-rRNA nor its subsequent processing 
appears to be altered. 
N. 
1.2.2 The plurifunctional nucleolus 
The traditional view of the nucleolus as purely a ribosome factory is beginning to 
change with more diverse roles of the nucleolus being described in yeast and higher 
eukaryotes. Additional roles include the sequestration of key cell cycle regulators 
within the nucleolus and the sub-nuclear organelle functioning as a cellular stress 
sensor. In budding yeast the phosphatase Cdcl4p promotes mitotic exit through 
inactivating and degrading mitotic kinases (Visintin et al., 1998). To prevent 
premature mitotic exit, Cdcl4p is sequestered to the nucleolus through attachment to 
the rDNA anchor protein Netip, during interphase and early mitosis (Visintin et al., 
1999). 
Another link between the nucleolus and cell cycle regulation is Mdm2p. In response 
to cellular stresses, including DNA damage, the mammalian transcription factor p53 
is stabilised, and thus mediates cell cycle arrest or apoptosis. Under normal 
conditions Mdm2p binds p53, and inhibits its activity whilst promoting its degradation, 
by export to the cytoplasm from the nucleus (Tao & Levine, 1999). It has been found 
that for p53 stabilisation, Mdm2p is sequestered to the nucleolus by pl9Art (Weber et 
al., 1999). Additionally, many diverse stress signals, that lead to p53 stabilisation 
cause a common disruption of the nucleolus, suggesting that the organelle itself is 
the transmitter of the stress signals (Rubbi & Milner, 2003). 
A number of characterised, nucleolar, ribosome synthesis factors have had additional 
roles in regulatory aspects of the cell cycle described for them (Dez & Tollervey, 
2004). In separate studies the 60S ribosome assembly factors pescadillo/Nop7p 
(Lerch-Gaggl et al., 2002) and Noc3p (Zhang et al., 2002) were found to interact with 
the origin recognition complex (ORC), required for efficient DNA replication. It has 
been suggested that such factors, involved in two seemingly distinct processes, act 
to connect ribosome biogenesis and DNA replication to cell proliferation. Another 
factor involved in rRNA processing, NoplSp, which is essential for 60S subunit 
synthesis has been implicated in the process of cytokinesis (Oeffinger & Tollervey, 
2003). 
From analysis of plant and mammalian nucleolar proteomes (Andersen et al., 2002; 
Andersen et al., 2005; Pendle et al., 2005) it is clear that the nucleolus contains over 
700 proteins. Over 100 of these proteins have no characterised function and it 
remains to be established what number of these proteins are implicated in ribosome 
biogenesis and other cellular processes. 
1.3 Processing and modification of pre-rRNAs 
1.3.1 Analysis of pre-rRNA processing and modification 
Historically, analysis of pre-rRNA processing in eukaryotes lagged behind that of 
Bacteria, since no good in vivo or in vitro experimental systems existed. In 
Eukaryotes the multi-copy and highly repetitive nature of the rDNA repeat hampered 
genetic manipulation of primary sequence, while in vitro analysis suffered (and still 
suffers) from the lack of a good reconstitution system. In vivo analysis was made 
feasible through the use of the genetically tractable yeast model Saccharomyces 
cerevisiae, where the analysis of both cis-acting sequences and trans-acting factors 
is possible. Sequence elements within the spacer regions and the mature rRNAs 
were identified and characterised through mutagenesis of an rONA repeat, which had 
been cloned into a (centromeric) plasmid. Oligonucleotide tags, which could be 
detected by Northern hybridisation, were inserted in the mature rRNAs encoded on 
the plasmid (Musters et al., 1989). This allowed the phenotype arising from mutations 
within the plasmid sequence to be distinguished from the background of the 
endogenous rRNA processing reactions. A subsequent advance in the analysis of 
cis-acting elements was utilising strains that were entirely dependent upon rDNA that 
was introduced on a plasmid. This was achieved using a temperature sensitive P01 I 
strain which prevented production of rRNA from the endogenous rDNA repeats. This 
strain could survive due to the presence of a multi-copy plasmid encoding rDNA, into 
which mutations could be introduced, that utilised a GAL7 inducible promoter 
transcribed by P01 II (Nogi et al., 1991; Beltrame et al., 1994; Henry et al., 1994; 
Venema et al., 1995a). 
In yeast it is relatively easy to analyse the role of both essential and non-essential 
trans-acting factors in rRNA processing, including both snoRNA and protein factors. 
It is possible to delete non-essential genes, while essential genes can be 
conditionally expressed, and the effects of depletion can be studied. Using these 
techniques many cis-acting recognition sequences and numerous trans-acting 
factors required for processing and assembly of ribosomes have been identified. 
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13.2 snoRNPs and rRNA modification 
The 35S pre-rRNA stretches from the transcriptional start site to B 0 (See Fig. 1.4) in 
the 3'ETS and is generated by co-transcriptional cleavage, in the 3'ETS, by the 
endonuclease Rntlp (see subsequent section). The 35S pre-rRNA undergoes 
covalent modifications at selected residues within the mature RNA regions. It is 
believed that modification occurs prior to folding or maturation of the 35S pre-rRNA 
(Maden, 1990), however whether all snoRNPs assemble and modify co-
transcriptionally or post-transcriptionally remains to be established. 
In yeast 45 nt undergo isomerisation of uridine residues, generating pseudouridines 
(ip). This is achieved through rotation of the uridine base, around the C3-C6 axis, 
following cleavage of the glycosyl bond (Fig. 1.31D). 65 residues undergo ribose 
methylation, at the 2' hydroxyl position (Fig. 1.313), while a further 10 nt undergo 
"secondary" base methylation. Secondary methylation will be discussed in 
subsequent sections, as this process does not utilise a guide RNA. Many covalent 
modifications are evolutionarily conserved, however the total number of sites that 
undergo modification varies. Humans carry approximately 100 pseudouridines and 
110 2' ribose methylations (Lestrade & Weber, 2006), substantially more than yeast, 
while bacteria contain substantially fewer (Maden & Hughes, 1997). Parallel 
modification systems have evolved in bacteria and eukaryotes. Eukaryotes and 
archaebacteria have a protein system of modification, but also utilise a guide 
RNA/protein machinery to carry out modifications, while bacteria have developed a 
modification system relying solely on proteins. 
In yeast, modification reactions are directed by over 60 different small flucleQlar 
(sno)RNP particles. snoRNPs can be divided into the 2 major classes depending on 
the presence of conserved structural elements within the snoRNA and the protein 
composition. Box C/D snoRNPs are responsible for methylation reactions (Cavaillé et 
al., 1996; Kiss-LászlO et al., 1996; Cavaillé & Bachellerie, 1998; Kiss-László et al., 
1998) and each is found to contain a unique C/D box containing snoRNA in addition 
to the essential proteins Nopi p, the putative methyltransferase, (Tollervey et al., 
1991; Tollervey et al., 1993), Nop56p, Nop58p and Snul3p (Gautier et al., 1997; 
Lafontaine & Tollervey, 1999; Lyman et al., 1999; Lafontaine & Tollervey, 2000; 
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Figure 1.3: snoRNA structure and modifications. (A) Schematic representation of C/D 
snoRNA. The conserved box C and box D elements are folded together by a terminal helix (k-
turn). The C' and D' boxes are found internally. The guide sequences form perfect sequence 
complementarity across the site on the pre-rANA to be modified. This makes the backbone 
accessible for methylation. The sites of modification are found exactly 5 nt upstream of box D 
or D'. (B) Ribose 2' 0-methylation. (C) Schematic representation of H/ACA snoRNA. The 
H/ACA snoRNA contains 2 hairpins, flanked by single stranded regions of RNA. Within these 
single stranded regions, box H and ACA are found. The 2 hairpins contain internal loops, 
which interact with the target ANA. Guide sequences cause a bulge at the site of modification, 
between two helices, which is found 14-16 nt upstream of either H (left recognition pocket) or 
ACA (right recognition pocket) box therefore making it accessible for pseudouridylation. (D) 
Pseudouridylation. Based on (Lafontaine & Tollervey, 1998). 
snoRNAs (Ganot et al., 1997a; Ganot et al., 1997b; Ni et al., 1997) which associate 
with the putative pseudouridine synthase Cbf5p as well as Garl p, Nhp2p, and 
NoplOp (Lafontaine et al., 1998; Watkins et al., 1998; Zebarjadian et al., 1999). The 
snoRNP classes can therefore be distinguished both structurally and functionally. A 
third snoRNP, RNase MRP, contains neither a C/D nor H/ACA box element and does 
not play a role in nucleotide modification. Rather, ANase MRP is necessary for 
cleavage reactions within ITS1 (Lygerou et al., 1996). In addition, other box CID 
snoRNAs (U3 and U14) and H/ACA snoRNAs (snRlO and snR30), play roles in pre-
rRNA processing. The role that these snoRNAs play in the processing of pre-rRNA 
will be discussed in section 1.3.6. The number of snoRNAs encoded in vertebrates 
remains unclear. There are currently 250 C/D box snoRNAs and 100 H/ACA box 
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snoRNAs which have been identified through experimental and in si/co approaches 
(Lestrade & Weber, 2006). A number of these are orphan snoRNA sequences, which 
have no known binding site. Therefore, it remains unclear what number of snoRNAs 
are actually responsible for directing modifications on rRNA. 
The function of the snoRNA is to act as a guide sequence which base pairs with the 
rRNA around the nucleotide to be modified. Both box C/D and H/ACA snoRNAs 
contain evolutionarily conserved sequence elements that mediate the interaction 
between the snoRNP and the target rRNA by holding the RNA and the modification 
enzyme in the correct conformation. Box C/D snoRNAs contain 2 conserved 
sequence elements; box C at the 5' end and box 0 at the 3' end (Fig. 1.3A). These 
regions are frequently positioned next to each other in the secondary structure and 
are hypothesised to form a structure called a kink-turn, formed by two short stems 
separated by a 3nt bulge (Klein et al., 2001). These sequence elements are essential 
for the synthesis and accumulation of CID snoRNAs. The region between the box C 
and D elements contains degenerate sequences similar to that of C and D boxes, 
designated C' and D'. C/D snoRNAs base-pair with the rRNA site to be modified via 
an extended sequence of perfect complementarity which invariably places box D (or 
D') 5 nt downstream from the residue to be modified (Nicoloso et al., 1996; Kiss-
László et al., 1998). 
The structure of all H/ACA box snoRNAs is also conserved, taking the form of a 
"hairpin-hinge-hairpin-tail" (Fig. 1.3C). The conserved H box is found between the 
hairpin regions within the hinge while the ACA element is found within the 3' tail 
(Ganot et al., 1997b). Similar to the conserved regions within the C/D containing 
snoRNAs, the conserved H/ACA elements are required for processing, maturation 
and accumulation of the snoRNAs. Unlike C/D snoRNAs, H/ACA snoRNAs do not 
contain long continuous regions of complementarity to the rRNA sequence. Rather 
they display 2 short anti-sense sequences found in internal loop regions within the 
hairpin structures, which form a "pseudouridylation pocket". The residue to be 
modified is found unpaired in the middle of the pseudouridylation pocket (Ganot et 
al., 1997a). 
The majority of snoRNAs are non-essential (even when there are multiple 
depletions), confirming that the failure to modify individual residues is not lethal 
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(Parker, 1988; Samarsky et al., 1995). Ribosome function may tolerate a number of 
bases that fail to be modified perhaps until a critical level is reached where 
translation is no longer accurate, or where under-modification is finally recognised by 
a surveillance system (See section 1.8). Some snoRNAs are essential, however this 
is not attributed to modification, rather this subset of snoRNAs are involved in the 
processing of pre-rRNA (see section 1.3.6). Temperature-sensitive alleles of Nopi p 
or Garip that do not show a defect in processing are lethal, confirming that global 
methylation and pseudouridylation is essential (Tollervey et al., 1993; Bousquet-
Antonelli et al., 1997). 
The regions of the mature rRNA that undergo covalent modification are well 
conserved between species. When sites of rRNA modification are plotted on a 3-0 
map of a ribosome, they are found to cluster in functionally important regions of the 
ribosome (Decatur & Fournier, 2002). It appears that sites of modifications are 
predominantly found on the inner surface of the rRNA, where the large and the small 
subunit interact with each other, and where the translation reactions take place. The 
precise role of covalent modifications in mature ribosomes remains unclear. 
However, it is believed that modified nucleotides display altered steric properties and 
hydrogen bonding abilities that cumulatively act to stabilise the overall structure and 
conformation of the rRNAs and therefore the ribosome (Ofengand, 2002; King et al., 
2003; Yoon et al., 2006). 
The order of snoRNA assembly onto pre-rRNA molecules remains to be established. 
Certain pre-rRNA modification sites are predicted to lead to an overlap in snoRNA 
binding (Gerbi et al., 2001), suggesting that sequential binding of snoRNAs is 
necessary. Additionally, indirect evidence of an ordered pathway of snoRNA binding, 
was the finding that U14 and snR41 dissociate in an ordered, Dbp4p, dependent 
manner (Kos & Tollervey, 2005). 
13.3 Processing of 35S pre-rANA 
The 35S pre-rRNA contains the mature 18S, 5.8S and 25S rRNAs that are flanked 
and separated by transcribed spacer regions. The 5.8S rRNA is separated from the 
18S and the 25S rRNAs by the internal transcribed spacer (ITS) regions called ITS1 
and ITS2. Two externally transcribed spacers (ETS), called the 5'ETS and the 3'ETS, 
flank the 5' end of 18S and the 3'end of the 25S respectively. The 35S precursor 
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undergoes extensive endonucleolytic cleavages and exonucleolytic processing steps 
to remove each of the spacer regions and liberate the mature rRNAs (see Fig. 1.4). 
1.3.4 Early cleavage at B 
A precursor (pre)-rRNA, which sediments at 35S, is the largest identified species. 
The 3' end of the 35S pre-rRNA was initially thought to correspond to the site of 
transcription termination. However, from mapping experiments, the 3' extremity of the 
35S pre-rANA was found to correspond to a species that has been cleaved at the site 
B0 in the 3'ETS (Yip & Holland, 1989). In WI cells transcripts extending to the site/s 
of transcription termination are not readily identified. This suggests that the cleavage 
event that generates the 35S pre-rRNA occurs rapidly following the termination of 
transcription or that cleavage is co-transcriptional. In vitro reconstitution experiments 
have shown the endonuclease Rntlp, the yeast homologue of bacterial RNase Ill, to 
be directly responsible for cleavage at B. within the 3'ETS (Abou Bela et al., 1996). 
Processing in the 3'ETS constitutes the first cleavage in the pathway of pre-rANA 
processing and it was initially proposed that it may initiate subsequent cleavage 
reactions in the 5'ETS. However from deletion analysis of the 3'ETS it appears that 
cleavages in the 5'ETS, at A 0 and A1 , still occur in the absence of cleavage at site B 0 
(Allmang & Tollervey, 1998). This suggests that the 3'ETS does not provide any 
signal in cis required to initiate pre-rRNA processing. Cis-acting mutations within the 
3'ETS did, however, affect processing within ITS 1, where cleavages at A 3 and B1L 
were delayed (Allmang & Tollervey, 1998). Rntlp does not constitute the factor 
affecting these cleavages, as equivalent inhibition of processing in ITS1 was not 
seen in an rntl mutant. This apparent link between processing in ITS1 and in the 
3'ETS may couple the maturation of the 5' end of 5.8S and 3' end of 25S rRNAs (see 
section 1.3.11). 
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Fioure 1.4: The Dre-rRNA processinci pathway in Saccharomvces cerevisiae. The 35S 
precursor is generated by co-transcriptional cleavage at site B 0 within the 3'ETS. This is 
followed by endonucleolytic cleavages at sites A 0 within the 5'ETS, A 1 at the 5' end of the 
mature 18S rRNA and A2 within ITS1. Cleavage at A2 separates the precursors to the 40S 
and 60S subunits and generates the 20S and 27SA2 pre-rRNAs. 20S is subsequently 
exported from the nucleus to the cytoplasm where maturation to 18S is completed. The 27SA 2 
pre-rANA follows one of two alternate pathways: Approximately 85% is cleaved at the A 3 site 
within ITS2, followed by 5'-3' exonucleolytic processing generating the 27SB 1 pre-rRNA. The 
remaining 15% is processed at site 13 1L , which is located 8nt 5' to 13 10 , yielding the 27SB 1L pre-
rRNA. These two alternate forms of 27SB are cleaved within ITS2 at site 02,  yielding 26S pre-
rRNA and the long and short forms of 7S. The 7S pre-rRNAs are converted to mature S.SS L 
and 5.8S0 by a multistep 3' exonuclease pathway. Maturation of 26S to 25S rRNA similarly 
proceeds by a two-step 5' exonuclease pathway. 
1.3.5 Cleavage at A 0, A 1 and A2 
Primer extension studies have shown that cleavage at A 0 constitutes the first 
processing step within the 5'ETS in wild-type cells (Hughes & Ares, 1991). Cleavage 
at A0 generates a 33S pre-rRNA species which is then cleaved at the 5' end of 18S, 
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A1 , to generate the 32S pre-rRNA (Venema et al., 1995b). This is rapidly followed by 
cleavage at A2, within ITS1, that generates the 20S and 27SA2 products. Spacer 
fragments corresponding to 5'ETS-A 0, A0-A 1 , 0-A2 and A2-A3 can be isolated, 
confirming that processing at A0, Al and A2 are endonucleolytic events. However, the 
endonucleases directly responsible for cleavage at site A 0, Al and A2 as well as 131L, 
C2 and D remain elusive. 
Inhibition of cleavage at A0, A l or A2 does not inhibit processing at A 3. Cleavage at A3 
generates the 23S/22S1215 rRNAs (5'ETS-A31A0-A3/A,- A3) and 27SA3 species. The 
fate of the 23S rRNA remains to be fully characterised. 23S is synthesised in wild-
type cells but is found only at very low levels, however, it is believed that 23S rRNA is 
generally unable to be efficiently converted into 18S rRNA. When early cleavages are 
inhibited and 23S rRNA levels increase it is likely that the majority is targeted for 
degradation since its accumulation correlates with loss of 18S synthesis (Allmang et 
at., 2000). However, it remains possible that some fraction of 23S rRNA can be 
matured into 18S pre-rRNA, presumably via the 22S, 21S and 20S intermediates. 
Analysis of specific mutant alleles of the trans-acting factor Rrp5p (see section 
1.3.11) show that 21S rRNA is a suitable substrate for maturation. In such mutants, 
cleavage at A2 is completely abolished while cleavage at A0, Al and A3 continues, 
allowing synthesis of 21S rRNA. Unexpectedly the level of 18S is unaltered, 
confirming that 21S can be matured into 18S (Vos et al., 2004). 
1.3.6 U3 snoRNA is essential for early cleavage events 
In vitro studies in both human and mouse extracts have shown that cleavage within 
the 5'ETS is a U3 snoRNP dependant process (Kass, 1990; Hughes & Ares, 1991). 
This requirement for the U3 C/D snoRNA is conserved in Saccharomyces cerevisiae 
where depletion of the U3 inhibits cleavage at A 0, A l and A2 causing the accumulation 
of 35S and 23S pre-rRNA and preventing the synthesis of 18S rRNA (Hughes & 
Ares, 1991). No snoRNA factor, other than U3, has been shown to be required for 
cleavage at A0 (Beltrame et al., 1994) unlike cleavage at A l and A2, which also 
require the binding of the CID snoRNA U14 and the H/ACA snoRNAs snRlO and 
snR30. Depletion of U14 or snR30 does, however, result in a delay of cleavage at A 0 
(Tollervey, 1987a; Li et al., 1990; Morrissey & Tollervey, 1993). 
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Through psoralen cross-linking the sites within the 5'ETS at which U3 interacts were 
mapped (Beltrame & Tollervey, 1992). U3 was found to interact with a nucleotide at 
position +655 (relative to the transcriptional start site) that lies between the A 0 and A 1 
cleavage sites, however mutagenesis of this region caused no deleterious effects. A 
second site of U3 interaction in the 5'ETS, at position +470, encompasses a region of 
10 nt that show perfect complementarity to a sequence within U3. If this sequence of 
10 ntis mutagenised, the interaction between the 5'ETS and U3 fails, resulting in an 
inhibition of cleavage at A0, A1 and A2 which lie 100, 200 and 2000 bases 
downstream respectively (Beltrame et al., 1994). If compensatory mutations are 
incorporated into the U3 sequence, then the processing and maturation of 18S rRNA 
can be re-established (Beltrame & Tollervey, 1995). These mutations in cis directly 
mimic the effects seen on depletion of the U3 snoRNA. Using mutagenised rRNAs 
and introducing compensatory counter mutations within U3 an additional site of 
interaction was proposed (Hughes, 1996) where the evolutionary conserved Box A, 
within U3, base pairs with a loop structure present at the 5' end of the mature 18S 
rRNA sequence (Sharma & Tollervey, 1999). The region of the lBS rRNA to which 
U3 is purported to bind is part of the evolutionarily conserved loop region of the 
central pseudo-knot, a universally conserved interaction within the 18S rANA that is 
key to the overall folding of the mature rANA. The binding of U3 to the loop region 
and formation of the pseudoknot are incompatible, suggesting that a possible 
function of U3 binding is to inhibit formation of the pseudoknot until such a time as it 
is necessary. Mutating rRNA sequences within the S'end of 18S rRNA abolishes the 
interaction with U3 and results in failure to cleave at A l and A2, while cleavage at A 0 
proceeds (Sharma & Tollervey, 1999). This supports the idea that U3 binding in the 
5'ETS and within the 18S are functionally distinct. 
It remains unclear if one, or multiple molecules of U3 are required for these early 
cleavage steps. While the exact role of U3 in the early cleavages reaction remains 
unknown, the identification of an enormous 90S pre-ribosomal particle designated the 
small subunit processome containing the 35S pre-rRNA, ribosomal proteins, non-
ribosomal proteins and U3 may provide clues (Dragon et al., 2002; Grandi et al., 
2002). It can be hypothesised that the role of U3 is to act as a scaffold onto which the 
multiple trans-acting factors necessary for the early cleavage steps, 18S synthesis 
and subsequently small subunit formation assemble. 
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1.3.7 Recognition of A 1 and A2 
Although the endonucleases responsible for early cleavages remain elusive, 
additional trans-acting factors and cis-acting sequence elements required for 
cleavage at A 1 and A2 have been identified. Recognition and cleavage at A 1 is 
governed by two independent sequence elements (Venema et at., 1995b; Sharma et 
al., 1999). The dominant positioning mechanism requires a fixed distance to be 
maintained between the site of cleavage and a conserved stem-loop structure at the 
5' region of the mature 18S. The base of the stem loop structure lies 3nt to the 3' side 
of Al within the mature 18S. Alteration in the spacing between these two sites results 
in cleavage at a fixed distance from the base of the stem loop structure, irrespective 
of sequence. An additional sequence element (which is conserved in other yeast 
species but not in vertebrates) is implicated in cleavage of the A l and lies 5' to A l . 
Both sequence elements must be disrupted to inactivate cleavage at A l and provoke 
accumulation of the 22S rRNA species, suggesting that both mechanisms are 
operating concurrently. 
Two sets of signals in the pre-rRNA appear to be essential for cleavage at A 2. The 
first set of elements, function distally and include the U3 binding sites (see section 
1.3.6) and the sequences dictating cleavage at A l . Additionally, proximal elements 
close to A2 are required for accurate processing and are likely to define the specific 
nucleotide at which cleavage takes place (Allmang et at., 1996b). Sequences within 
ITS1 are only moderately conserved, but can be replaced by the equivalent regions 
from other closely related yeast species with no effect on function (Van Nues et al., 
1994). Deletion of 6nt to the 3' of A 2 generates heterogeneous cleavage products 
arising from cleavage at different positions around A2. This 3' element is predicted to 
form part of a stem-loop structure. While the accuracy of cleavage is compromised 
on deletion of the 6nts to the 3' of A 2, other elements must exist which allow cleavage 
to proceed. Sequences further upstream of the A 2 site have also been implicated in 
cleavage. In vivo, it is likely that both elements play a role in accurate cleavage, but 
the factors that bind these sequences remain to be identified. 
Recognition of the cleavage sites A l and A2 appears similar, as both sites display 2 
discrete, closely positioned sequence elements. One of the recognition elements is a 
stem loop structure, in a position 3' to the site of cleavage and the second element 
comprises a conserved primary sequence close to the site of cleavage. Additionally, 
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mutagenesis over either of the cleavage sites does not strongly affect cleavage 
efficiency. It is feasible that cleavage at both A 1 and A2 relies on a similar 
mechanism, or the same endonuclease, accounting for a similar mode of recognition. 
No enzyme has been attributed with these specific cleavages. 
1.3.8 18S rRNA synthesis 
Cleavage at A2 generates the 20S and 27SA2 pre-rRNA, the production of which 
separates the processing pathway and leads to the formation of the 40S and 60S 
subunits. The 27SA2 pre-rRNA remains in the nucleus for further processing while the 
20S precursor is rapidly exported from the nucleolar compartment, through the 
nucleoplasm, to the cytoplasm where final maturation to 18S is completed. From 
cellular fractionation studies the 20S pre-rRNA in Saccharomyces cerevisiae is 
enriched in the cytoplasm (Udem & Warner, 1973), supporting the prediction that 
maturation of 20S pre-rRNA is a cytoplasmic event. This is a conserved feature, as 
maturation of 18S rRNA in vertebrate cells has recently been shown occur in the 
cytoplasm (Rouquette et al., 2005). 
Prior to maturation, the 20S precursor is subject to base dimethylation of 2 adjacent 
adenine residues at the 3' end of the 18S rRNA (Klootwijk et al., 1972; Brand et al., 
1977). The protein factor Dimip catalyses this dimethylation (Lafontaine et al., 1994) 
and unlike methylation of ribose groups does not require a guide snoRNA. Dimip 
localizes predominantly to the nucleolus, but remains associated with the pre-40S 
particle until it reaches the cytoplasm where methylation is reported to take place 
(Brand et al., 1977). This modification is highly evolutionarily conserved but appears 
non-essential as viable temperature sensitive alleles of dimi produce 18S that is not 
dimethylated (Lafontaine et al., 1995). Dimlp is, however, essential and is required 
for the processing of precursors at sites A l and A2, an activity which precedes 
dimethylation (Lafontaine et al., 1995). The exact role of dimethylation is unknown 
but it has been hypothesised that it is necessary for the joining of 40S and 60S 
subunits. 
20S pre-rRNA is processed to mature 18S rRNA via an endonucleolytic cleavage at 
site D at the 3' end of the mature 18S. The cleavage fragment, D-A 2, has been 
identified and is found to strongly accumulate in a strain, lacking the cytoplasmic 5'-3' 
exonuclease, Xrnlp, responsible for its degradation (Johnson, 1997). Unlike 
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recognition of cleavage sites A 1 and A2 , recognition of cleavage site 0 is predicted to 
be sequence specific (Venema & Tollervey, 1999; van Beekvelt et al., 2001). A 
number of candidate proteins have been suggested, although not proven, to mediate 
the cleavage at site 0 including Nobi p and Fap7p (see section 1.4.2). 
1.3.9 258 rRNA and 5.88 rRNA synthesis 
In comparison to the relatively "simple" production of the 18S rRNA, which involves 
just four cleavages, maturation of 25S and 5.8S rRNA is more complex. The 27SA 2 
fragment, generated by cleavage at A 2, follows one of 2 fates comprising 
evolutionarily conserved major and minor pathways. These alternate pathways 
ultimately result in the production of short and long forms of the 5.8S rANA (5.8S 5 
and 5.8SL), the functional distinction between which remains enigmatic. One 
suggestion is that the different forms of 5.8S result in the generation of ribosomes 
with different translational properties. Although the formation of distinct long and 
short forms of 5.8S rRNA is a conserved phenomenon, the ratio of long to short 
varies from one organism to another. In Saccharomyces cerevisiae the short form is 
the predominant form (85% 5.8S 5 ::15% 5.8SL) while in Xenopus Iaevis oocytes the 
same number of short and long molecules are produced (50% 5.8S:: 50% 5.8S L). 
These alternative routes in ITS1 processing result in different 5' ends of the mature 
5.8S, which differ by 7/8 nts. 
In the major pathway, 27SA 2 molecules get cleaved by the essential endonuclease 
RNase MRP at position A 3 within ITS1 (Henry et al., 1994). This 27SA3 species was 
first identified in a strain depleted of snR30 (Morrissey & Tollervey, 1993). The role of 
cleavage at A3 was demonstrated when the site was deleted, resulting in the 
selective inhibition of 5.8%, but not 5.8S L, synthesis (Henry et al., 1994). The A 3 site 
within ITS1 was subsequently mapped by primer extension analysis. The 27SA 3 
species is very short-lived compared to other precursor species. Following cleavage 
at A3 rapid processing in a 5'-3' direction to position B 15 commences, requiring the 
partially degenerate activities of the essential Ratlp and the non-essential Xrnlp 
exonucleases (Henry et al., 1994). To account for the rapid processing it has been 
suggested, although not proven, that the exonucleases form a complex with ANase 
MRP to allow rapid processing following cleavage at A 3.This processing generates 
the 27SB 1 short (27SB 15) species and this site at B 15 defines the 5' end of the 5.8S 5 
rRNA (Henry et al., 1994). 
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The remaining 15% of 27SA 2 precursors are cleaved at the site 13 1L, which defines the 
5'end of the mature 5.8S L, by an unknown endonuclease, to produce 27SB1 long 
(27SB1L) (Faber et al., 2006). The existence of long and short species of 27SB 
confirms that the 5.8S long and short species arise from unique precursors and that 
5.8S3 rRNA is not a product of processing of 5.8S L. Cleavage at A3 is not essential for 
the synthesis of 5.8S as this minor processing pathway at B1L, and subsequent 
production of 5.8S L, is sufficient for cell survival. In mutant strains, where cleavage at 
A3 is inhibited, through mutation of the ANA component of RNase MRP or through 
mutagenesis of the A3 cleavage site, the alternative pathway synthesising 27SB IL 
and 5.8SL is promoted (Schmitt & Clayton, 1993; Lygerou et al., 1994; Chu et al., 
1997; Dichtl & Tollervey, 1997). In such strains it has been demonstrated that 
processing at B 1L  is endonucleolytic, as a fragment corresponding to the 3' region of 
ITS1 to the 131L site is identified (Faber et al., 2006). No cis-acting sequence within 
the vicinity of ITS1, or around the B 1L  site, has been shown to be essential for 
cleavage. Interestingly, no mutant has ever been identified where cleavage at 13 1L is 
specifically defective. In mutants where cleavage at A 3 is inhibited the A 2-E and A2-C2 
species can be seen, suggesting that processing in the ITS2 can proceed when 
cleavages in ITS1 are inhibited. 
Processing at A 2 is not essential for synthesis of 5.8S and 25S as maturation can 
continue via direct cleavage at A 3 and B1L. In such a situation the ratio between long 
and short forms of 5.8S remains constant. 131 L  cleavage must presumably also take 
place on larger precursors, but the 5'ETS/A 0/A 1 to 131L  precursor has not been 
described. 
1.3. 10 ITS2 processing 
Following their formation, processing of the 27SB 18 and 27SB1L follow the same 
maturation pathway, which requires the removal of ITS2. The ITS2 spacer itself is 
essential for processing, as its complete deletion or replacement with ITS2 
sequences from other organisms results in a failure to synthesise 5.8S and 25S 
rRNA (Peculis & Greer, 1998). Additionally, mutagenesis of ITS2 has allowed the 
identification of multiple cis-acting elements required for efficient processing (van der 
Sande et al., 1992). It is predicted that ITS2 undergoes extensive folding to bring the 
3' end of the 5.8S and the 5' end of the 25S into contact, allowing formation of the 
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ITS2 proximal loop. This is a structure formed from highly conserved sequence 
elements within the mature 5.8S and 25S regions flanking the ITS2. This structure is 
present in mature ribosomes, but its formation is also predicted to be essential for 
both the accurate cleavage within ITS2 and the exonucleolytic maturation of the 
5'end of 25S and 3' end of 5.8S. It is believed that the accuracy of these events is 
achieved through a "measuring model" where the relative position of elements within 
the proximal stem is essential for accurate positioning of cleavages and exonuclease 
activity (Cote & Peculis, 2001). 
It has been predicted that the ITS2 in yeast, unlike higher eukaryotes, can exist in 
two alternative conformations, termed the "ring" and the "hairpin" structures. Both 
potential conformations have been probed by mutagenesis and it appears that 
elements unique to each model are required, suggesting that the ITS2 in yeast is 
dynamic and undergoes conformational change (Cote et al., 2002). It has been 
suggested that a conformational change from the ring structure to the hairpin 
structure promotes the formation of the ITS2 proximal stem. It is interesting to note 
that the predicted structure of vertebrate ITS2 encompasses only the ring model. The 
vertebrate snoRNA U8 may mediate formation of the ITS2 proximal stem and prevent 
premature association of the 25S and 5.8S. No apparent yeast homologue of U8 
exists and this has led to the suggestion that the elements provided in trans by U8 in 
vertebrates, are provided in cis by the alternative conformations of ITS2 (Cote et al., 
2002). This also suggests that the maturation of the 3' end of 5.8S and the 5' end of 
25S are tightly linked. 
5.8S and 25S are separated by cleavage within ITS2 at C 2. This cleavage is 
endonucleolytic, however, the nuclease responsible remains to be identified. A 
putative nuclease, B23, capable of cleavage within ITS2 has been identified in rat 
(Savkur & Olson, 1998), however, no homologous protein has been identified in 
Saccharomyces cerevisiae. Cleavage at C2 generates the 7S pre-rANA, which exists 
as long and short forms due to the earlier processing at either B1L or 131s, and the 26S 
species that is a 5' extended precursor to 25S. 26S rRNA is matured through 5'-.3' 
exonuclease trimming by Ratlp and Xrnlp (Geerlings et al., 2000). A 5' extended 
form of 25S called 25S', which corresponds to 25S +7/8 nt, can also be observed 
(Gadal et al., 2002; Saveanu et al., 2003), suggesting that the exonucleases involved 
in maturation stutter prior to reaching the mature 5' end of 25S. This brief pause in 
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processing may be due to the presence of a structural element in the rRNA that 
impedes the 5'-3' exonuclease function from directly processing to C 1 , or due to the 
proximity to ribosomal proteins bound to the 25S rRNA. 
Multiple 3' extended precursors of 5.8S rRNA have been identified, suggesting that 
maturation from 7S is a multi-step process requiring several nucleases. The first 
factor to be implicated in the maturation of the 3' end of 5.8S rRNA was Rrp4p 
(Mitchell et al., 1996). A temperature sensitive allele of RRP4 resulted in decreased 
levels of mature 5.8S rRNA and accumulation of a heterogeneous population of 3' 
extended forms of 5.8S (Mitchell et al., 1996). The extended pre-rRNAs formed a 
ladder extending up to 7S pre-rRNA, which accumulated substantially, suggesting 
that the 3' end of 5.8S is formed exonucleolytically. Rrp4p contains Si- and KH-RNA 
binding domains and has been shown to exhibit 3'-5' exonuclease activity, in vitro. 
Subsequent analysis of proteins associated with Rrp4p identified the exosome 
complex (Mitchell et al., 1997; Allmang et al., 1999b), which contains 10 essential 
core components, plus nuclear specific components and cofactors. On depletion of 
individual core exosome components, a similar but not identical pre-rRNA processing 
phenotype is seen for each, where 7S accumulates, combined with a ladder of 3' 
extended 5.8S species up to 7S (Allmang et al., 1999a). The effect on levels of the 
6S precursor (5.8S+-8nt) varies, depending on the component depleted. Deletion of 
the nuclear specific factors, Rrp47p (Mitchell et al., 2003) or the exonuclease Rrp6p 
(Briggs et al., 1998; Allmang et al., 1999a) results in a different phenotype from that 
seen for depletion of any core exosome component. In rrp64 or rrp474 strains, a 
5.8S+30 pre-rRNA species accumulates extensively, while 6S pre-rRNA does not 
form, suggesting that 5.8S+30 is the normal substrate for Rrp6p (Briggs et al., 1998; 
Allmang et al., 1999a). On depletion of core exosome components from a rrp6A 
strain the levels of 5.8S+30 pre-rRNA falls as the core component is depleted out, 
confirming that that the core exosome acts epistatically to Rrp6p and that deletion of 
Rrp6p does not inhibit the function of the core exosome. 
To add further complexity to the process of 5.8S rRNA maturation, additional 
exonucleases participate in processing the short 3' extended forms of 5.8S. Two 
members of the RNase D family, Rexip and Rex2p, have been identified as being 
functionally redundant in the final maturation of 5.8S from 6S pre-rRNA (van Hoof et 
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al., 2000). 6S pre-rRNA accumulates in the double deletion strain, suggesting that it 
is the substrate for these exonucleases. Some components of the exosome may also 
be capable of the final processing step from 6S to the mature 5.88 at site E. 
Depletion of Rrp40p or Rrp45p result in a strong accumulation of 6S, suggesting that 
it is a putative substrate for these exosome components (Alimang et al., 1999a). An 
additional factor in the maturation of 5.8S rANA is Ngl2p. In the absence of Ngl2p a 
5.8S pre-rRNA species, 3' extended by 5 nt, accumulated (Faber et al., 2002). 
Interestingly this species appears to be incorporated into ribosomes that are 
translationally active. 
Multiple exonucleases function in the final steps of 5.8S rRNA maturation, requiring 
co-ordinated exonuclease handover between exosomal and non-exosomal 
nucleases. The fine details of which specific factors are responsible for each step 
remain to be established. 
1.3. 11 Co-ordination of processing events 
A number of cleavages and processing steps in rRNA synthesis are believed to rely 
upon prior processing at other site(s). Under mutant conditions this can result in 
disorder of the processing pathway, as events that are not coupled to earlier events 
can proceed in the absence of earlier cleavages. 
Numerous ribosome synthesis mutants block cleavage at the 3 cleavage sites A0, A 1 
and A2, suggesting that cleavage at these sites are linked events. Mutagenesis of the 
Al cleavage site does not appear to block cleavage at A l , although it does affect 
cleavage at A0 . This is perhaps due to the predicted close proximity of A0 and Al sites 
within the folded RNA. However, there appears to be no prerequisite for A 0 cleavage 
to occur before that at A l (Venema et al., 1995b). In contrast, the appearance of the 
22S rRNA, a species generated through cleavage at A 0 and A3 , is highly suggestive 
that cleavage at A2 does not proceed without prior processing at A l . Indeed no cis or 
trans-acting mutant has been identified where A2 cleavage occurs without prior 
cleavage at A l , strongly suggesting that these two cleavage events are coupled and 
that cleavage at A l is a pre-requisite for cleavage at A 2 . 
Removal of the 5'ETS and processing at A 2 within ITS1 is essential for the synthesis 
of the 18S rRNA but is not required for the synthesis of 25S and 5.8S rRNA. 
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Cleavage at A 3 and B 1L can occur without prior cleavage at A 0 , A 1 and A2, suggesting 
these events are not strictly coupled. The 27SA 3 and 2713 1 L pre-rRNA species support 
the continued synthesis of 25S and 5.8S rANA. This rationalises the common 
observation that mutation or depletion of factors implicated in early cleavages affect 
18S synthesis but have no affect on the synthesis of 60S components. 
However, co-ordination between processing at A 2 and A3 does appear to occur. 
Substitution of residues in the 3' flanking sequence of A 2 inhibits cleavage at A 3 and, 
similarly, deletion of the A 3 cleavage site delays cleavage at A 2 (Allmang et al., 
1996a). It is not anticipated that these minor mutations alter the higher order 
structure of ITS1 sufficiently to prevent cleavages taking place. This suggests, 
perhaps, that cleavage fails due to mutations in cis affecting the binding of trans-
acting factor/s. Depletion of snR30, which is required for cleavage at A l and A2 , 
results in the accumulation of the 27SA3 species (Henry et al., 1994), while a point 
mutation in the RNA component of the RNase MRP inhibits cleavage at A 0, A 1 and A2 
(Alimang et al., 1996a). It is possible that co-ordination of the early cleavages and 
cleavage at A3 is achieved through interaction of the two RNP processing complexes 
or via a common component. 
Very few trans-acting factors have been implicated in processing and maturation of 
both 18S rRNA and 5.8S/25S rRNA. The RNA-binding protein Rrp5p was identified in 
a synthetic lethal screen with snRlO and was subsequently shown to be required for 
both 18S and 5.8S synthesis (Venema & Tollervey, 1996). On depletion of Rrp5p, 
processing at A0 , A l and A2 is inhibited, as is cleavage at A 3 . This leads to direct 
cleavage of the 35S pre-rRNA in ITS2 at C 2 , generating a 24S species from which 
5.8SL can be synthesised. The roles of Rrp5p in the cleavages at A 0/A I /A2 and at site 
A3 can be functionally and structurally separated. The C-terminal half of the protein, 
containing multiple tetratricopeptide (TPR) motifs, is necessary for A 0-A2 cleavage 
and subsequent 18S rRNA synthesis, while the N-terminal Si RNA binding domains 
(12 in all) are required for cleavage at A 3 and synthesis of the 5.8S (Torchet et al., 
1998; Eppens et al., 1999). A refinement of this bi-partite model revealed that the last 
3 Si domains function together with the TPR motifs in the early cleavages and that 
mutation in these domains specifically inhibits cleavage at A 2 . Additionally, deletion 
of several Si domains inhibits cleavage at A 3 but allows cleavage at a novel 
cleavage site, A 4 , located within ITS1 between A 2 and A3 . In such a partial deletion 
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strain some 5.8Ss is synthesised, suggesting that the species generated by cleavage 
at A4 is a substrate for 5.8S s synthesis (Eppens et al., 2002). 
Concomitant with the formation of the 5' end of the 5.8S rRNA is the maturation of 
the 3' end of the 25S, at B2. When RNA from wild-type cells is analysed by Northern 
hybridisation, a probe complementary to the 132-130 extension recognises 27SA 2 
species but not 27SB lL (Kufel et al., 1999). This suggests that the 3'ETS region is 
processed in the same time frame as the maturation of 27SA 2 to 27SB1L~S. 
Additionally, it has been reported that deletion of regions in the 3'ETS inhibits 
cleavage at A3 , suggesting that maturation of the 3'ETS and cleavage at A 3 are 
linked, even although there is some 4Kb separating the 2 sites (Alimang & Tollervey, 




Only 3 RNA endonucleases implicated in ribosome biogenesis have been identified 
unambiguously in Saccharomyces cerevisiae; RNase P, RNase MRP and Rntlp. 
Yeast Rntlp and bacterial RNase Ill are double strand specific nucleases that 
recognize and cleave both strands within imperfect stem loop structures. Rntlp 
mediated cleavage of the 3'ETS at B 0 occurs within a stem-loop structure, at 
positions +14/15 and +49/50, with respect to the 3'end of the 25S rRNA (Kufel et al., 
1999). Deletion of Rntlp, or mutation of the 3'ETS, results in the appearance of 3' 
extended precursor species. In addition to cleavage within the 3' ETS, Rntlp was 
also accredited with cleavage at A 0 in the 5'ETS (Abou Elela et al., 1996). This 
proved to be an in vitro artefact, as subsequent in vivo work showed that the absence 
of Rntl p caused a delay, but not an absence of cleavage at A 0 (Kufel et al., 1999). 
The major pathway for 5.8S rRNA production involves endonucleolytic cleavage at A. 
by the essential snoRNP, RNase MAP. RNase MRP contains an RNA component, 
NME1, which is similar to the RNA component found in RNase P, a complex required 
for the maturation of tRNAs. RNase MRP also contains 10 protein components, 
Popip, Pop3-8p, and Appip which are shared with RNase P, in addition to the 
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RNase MRP specific components Snmlp and Rmplp (Schmitt & Clayton, 1994; 
Chamberlain et al., 1998; Salinas et al., 2005). It has been demonstrated, in vitro, 
that RNase MRP directly mediates the cleavage step (Lygerou et al., 1996). Rntlp 
and RNase MRP cleavages are among the very few steps in eukaryotic pre-rRNA 
processing which have been recreated in vitro. 
1.4.2 Putative endonucleases 
A number of putative endonucleases have been suggested to mediate cleavages in 
the pre-rRNA processing pathway. However, a lack of in vitro data supporting direct 
cleavage or endonuclease activity prevents definitive assignment of endonuclease 
status to any of these proteins. 
PIN-c domain containing proteins are found in all 3 kingdoms and fold in a manner 
similar to exonucleases, especially to the T4 phage RNase H and to flap 
endonucleases. Therefore, it is predicted that at least some PIN-c domain proteins 
encode potential nucleases. The PIN-c containing protein Utp24p has been 
suggested to be responsible for cleavages at A 1 and A2 (Bleichert et at., 2006), as a 
point mutation within the predicted PIN-c active site abrogates its function in 
processing. 
Depletion of the essential protein Nobl p results in the abnormally high accumulation 
of 20S pre-rRNA, combined with a failure to synthesise 18S rRNA. This leads to the 
suggestion that Noblp is essential for the maturation of 18S rRNA and may 
correspond to one of the elusive endonucleases required for rRNA maturation (Fatica 
et at., 2003a). Point mutations in the PIN-c domain, blocks the function of Nobip, 
supporting the prediction that it functions as an endonuclease. Another candidate for 
the endonuclease that cleaves at D is Fap7p, a putative p-loop type kinase 
(Granneman et al., 2005). Like Nobip, depletion of Fap7p results in the dramatic 
accumulation of 20S pre-rRNA and a failure to synthesise 18S rRNA. However, 
unlike Nobip, Fap7p does not stably associate with pre-40S particles, suggesting 
only a transient interaction. 
1.4.3 The exosome 
The core exosome contains 10 essential components (Rrp4p, Rrp40p, Rrp4lp, 
Rrp42p, Rrp43p, Rrp44p Rrp45p, Rrp46p, Mtr3p and CsI4p) all of which, with the 
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exception of Csl4p, contain putative nuclease domains. The presence of additional 
components defines nuclear and cytoplasmic specific forms of the exosome. The 
nuclear exosome contains 2 non-essential components, the exonuclease Rrp6p 
(Briggs et al., 1998; Allmang et al., 1999b) and the RNA binding protein Rrp47p 
(Mitchell et al., 2003). Exonucleases contained within the exosome show different 
modes of activity; for example, Rrp6p represents a hydrolytic exonuclease while 
Rrp4l p acts via a phosphorolytic mechanism (Mitchell & Tollervey, 2000). 
Extrapolating the findings from bacterial PNPase and the archaeal exosome complex 
suggests that certain subunits of the exosome are catalytically inactive (Raijmakers 
et al., 2002; Harlow et al., 2004; Buttner et al., 2005; Lorentzen et al., 2005; Houseley 
et al., 2006). PNPase is a homotrimer, where each monomer contains Si and KH 
RNA binding motifs and 2 PH domains (similar to the RNase PH structure). The 6 PH 
domains form a ring structure in which only one of the PH domains from each of the 3 
subunits is believed to be catalytically active (Harlow et al., 2004). This core structure 
containing 6 PH-domains is conserved in the archael exosome, but is provided by 3 
heterodimers of Rrp41p and Rrp42p, in which only Rrp4ip (Fig. 1.5) is thought to be 
catalytically active (Buttner et al. 2005; Lorentzen et al., 2005). 
Figure 1.5: Archael exosome model. Ribbon models of the nine subunit Rrp4- archaeal 
exosome (A top view; B side view). Exosomes contain a ring of alternating Rrp4l (blue) and 
Rrp42 (green) subunits and a homotrimer of Rrp4 subunits (orange, with marked Si, and KH 
domains and NT which marks the N-terminal) that bind to the top face of the Rrp4l-Rrp42 
ring. Three tungstate moieties (magenta and red) indicate three active sites in the 
Rrp4l :Rrp42 ring (Buttner et al., 2005). 
In yeast the 6 PH domains are provided by 6 unique polypeptides. The Rrp4l-like 
proteins in yeast are Rrp4l p, Rrp46p and Mtr3p, which are consequently predicted to 
be the catalytically active subunits of the eukaryotic exosome. Conversely, yeast 
Rrp42p, Rrp43p, and Rrp45p are more similar to archael Rrp42p and are predicted to 
be inactive. From homology to archael proteins, the ANA-binding proteins Rrp4, 
Rrp44 (Si and KH RNA binding motifs), and Cs14 (Si), are predicted to form a 
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trimeric complex that is important for substrate binding. This is envisaged to sit on top 
of the PH core, creating the "Si RNA binding pore", through which substrate RNAs 
enter the central processing channel. 
Rrp44p and Rrp6p are not predicted to be part of the main structure of the exosome. 
Rather, they are predicted to sit on the outside of the core. Depletion of Rrp44p 
generates a phenotype similar to other core exosome components, which has led to 
the suggestion that Rrp44p stabilises the overall conformation of the core structure. 
Conversely, deletion of Rrp6p does not result in a "core exosome" phenotype, 
suggesting that Rrp6p binds its substrate in a manner different than other exosome 
components (Houseley et al., 2006). 
In addition to the core components, the exosome requires auxiliary co-factors for the 
processing of rRNAs. The nuclear specific ATP-dependent helicase Mtr4p/Doblp is 
anticipated to work alongside the exosome to unwind secondary structural elements 
and allow exosome entry (de la Cruz et al., 1998b). Consequently, depletion of Mtr4p 
results in a similar phenotype to that of core exosome components (Allmang et al., 
1999a). 
1.5 Ribosome assembly 
Synthesis of each ribosome requires the processing of the 35S pre-rRNA to the 
mature species, in addition to the recruitment of the 5S rRNA and some 80 ribosomal 
proteins. Unlike in vitro ribosome assembly in bacteria, ribosomes do not form 
spontaneously in eukaryotes but rather, require a plethora of mostly essential trans-
acting processing, modification and assembly factors (El Hage & Tollervey, 2004). 
Over 180 non-ribosomal factors have been identified as playing a role in the 
synthesis of ribosomes. Ribosomal proteins and the many non-ribosomal assembly 
proteins are imported from the cytoplasm to the nucleolus and assemble together 
with pre-rRNA species to form pre-ribosomal particles. Unlike the relatively well-
characterised pathway of pre-rRNA processing, the assembly and subsequent 
maturation of pre-ribosomes is only beginning to be understood. 
Seminal experiments in the 1970s showed that ribosome subunits are not 
synthesised as the mature end product. Sucrose gradient analysis of radiolabelled 
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ribosomes identified pre-ribosomal particles corresponding to 90S, 66S and 43S 
species (Udem, 1972; Trapman et al., 1975). However it is only with the advent of 
Tandem Affinity purification (TAP) techniques (Rigaut et al., 1999) that the highly 
dynamic nature of pre-ribosomal particles began to be appreciated. The purification 
and systematic identification of protein factors and rRNA species associated with a 
"bait" non-ribosomal factor has allowed the identification of several 90S, pre-40S and 
pre-60S complexes. Affinity purification essentially shows the "steady state" level of 
association of any given factor with a pre-ribosomal complex. A bait protein will 
preferentially associate with one set of factors, however it is likely to be found in other 
particles. A number of bait proteins have been shown to associate with successive 
pre-rRNA species, showing that they are components of multiple pre-ribosomal 
particles. The composition of the pre-ribosomal particles is likely to be highly dynamic 
with factors continuously associating and dissociating. Therefore, the particles 
identified so far are static snap-shots in the very dynamic assembly pathway (Fig. 
1.6). Intermediate complexes have yet to be accounted for, and numerous factors 
with established roles in assembly and processing have not been isolated in any of 
the pre-ribosome complexes to date. These include most of the catalytic molecules 
implicated in pre-rRNA processing, including all of the nucleases and many 
helicases. Such a finding suggests that weakly or transiently associated components, 
as well as those that bind at sub-stoichiometric levels, have been missed by affinity 
purifications performed to date. Additionally, the timing of association of the various 
ribosomal proteins with pre-ribosomal particles remains to be accurately established. 
1.5.1 90S pre-ribosomes 
The majority of factors that affect early cleavage reactions have no effect on later 
processing steps, whereas defects at later maturation steps, following cleavage at A 2 , 
frequently result in the inhibition of early cleavages. These observations lead to the 
original "processome" model of ribosome assembly where all components required 
for maturation of both 40S and 60S subunits form within a single complex attached to 
the 35S pre-rRNA. This model is now thought unlikely since the analysis of the 
composition of 90S particles reveals few late acting factors. 
Affinity purification of different trans-acting protein factors implicated in the early 
steps of 35S pre-rRNA processing, has allowed the identification of 2 particles with a 
similar composition. The small subunit (SSU) processome was identified as a particle 
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which sedimented at 80S containing some 28 non-ribosomal proteins, in addition to 
the U3 and U14 snoRNAs (Dragon et al., 2002). 11 of these proteins were previously 
characterised factors required for early processing and the 17 novel components, 
termed Utpl-17p, were all shown to be required for the synthesis of 185 rRNA. 
Subsequently, the composition of the SSU processome was extended with the 
characterisation of a further 12 protein components, composed of both ribosomal and 
non-ribosomal proteins (Bernstein et al., 2004). It has been proposed that a subset of 
the Utp proteins, the t-Utps, are required for optimal transcription of the rRNA, as well 
as early processing steps (Gallagher et al., 2004). 
Figure 1.6: (see over page) Pre-ribosome assembly. Processing of pre-rRNAs occurs 
within pre-ribosomal particles that contain, in addition to pre-rRNA and ribosomal proteins, the 
numerous trans-acting processing, modification and assembly factors, which are required to 
carry out the maturation steps. These non-ribosomal proteins form transient interactions with 
the pre-ribosomal particles, which generate dynamic structures with continuously changing 
protein compositions. For each factor, the pre-ribosomal particles in which they have been 
identified by proteomic analyses are indicated. Affinity purification of pre-ribosomal particles 
has allowed the protein and pre-rRNA composition of several 90S, pre-40S (top of figure) and 
pre-60S (lower half of figure) complexes to be elucidated. The earliest complex identified 
corresponds to the 35S pre-rRNA containing 90S particle, which localises to the dense fibrillar 
component (DFC) of the nucleolus. It is within such particles that early cleavage steps take 
place. Following cleavage at A 2 the 90S particle disassembles, giving rise to pre-60S and pre-
40S particles, which are released into the granular component (GC) of the nucleolus. The pre-
40S subunit, containing the 20S pre-rRNA, is believed to then rapidly leave the nucleolus and 
traverse the nucleoplasm and nuclear pore complexes (NPC) to the cytoplasm, where 
maturation is completed. In contrast, the pre-60S subunits undergo far more extensive 
rearrangement and processing within the nucleolus and nucleoplasm prior to its export to the 
cytoplasm. 60S maturation therefore takes longer than 40S synthesis, and more intermediate 
particles have been identified. These pre-ribosomes are classed as early (E0, El and E2), 
middle (M), late (L) and cytoplasmic (C). From (Dez & Tollervey, 2004). 
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At the same time as the identification of the SSIJ processome, a larger particle of 
approximately 90S was purified (Grandi et al., 2002) and found to contain both the 
U3 snoRNA, the 35S pre-rRNA (not isolated in the SSU particle) in addition to a 
greater protein complement. It has been suggested that whilst these complexes are 
essentially the same, the differences between them could be explained if the 80S 
complex represents a precursor to the more complete 90S or, alternately, that the 
90S particle has been purified in a more complete form. "Late" 90S complexes 
containing the products of A0 and A 1 cleavage (33S and 32S) have failed to be 
isolated, possibly due to the very transient existence of 33S and 32S. However, it is 
anticipated that these cleavages, in addition to cleavage at A 2 , would occur in the 
SSU processome/90S complex. 
The processome/90S pre-ribosome is comprised nearly exclusively of ribosomal 
proteins of the small subunit (Rps) and non-ribosomal proteins implicated in the early 
cleavages at A0, A 1 and A2 required for the synthesis of the 40S subunit. However, 
factors required for the assembly of 60S subunits are notably absent (Grandi et al., 
2002). This has lead to the suggestion that the processing machinery is assembled 
co-transcriptionally in a 5'-3' direction as the transcript is produced (Fatica & 
Tollervey, 2002). This would lead to a biphasic assembly of processing factors and r-
proteins as 40S synthesis factors could assemble prior to completion of the 35S pre-
rRNA while 60S assembly must await its completion. This hypothesis provides a 
rationale for the separate processing, assembly and maturation pathways seen for 
the 2 subunits and is supported by the fact that few assembly factors are implicated 
in biogenesis of both the large and small subunits. It also provides an explanation for 
the observation that disruption of early cleavages affects only 18S rRNA synthesis, 
as the machinery required for 25S and 5.8S rRNA maturation can still assemble. 
From analysis of chromatin spreads in yeast and other organisms, the SSU/90S 
complex is believed to correspond to the "terminal knobs" present at the 5' end of 
nascent transcripts emanating from the rDNA. Depletion of SSU components, 
including the U3 snoRNA, results in the loss of the terminal knobs suggesting that it 
does correspond to the 80/90S particle (Dragon et al., 2002). While it is generally 
accepted that the SSUI90S complex assembles in a co-transcriptional manner, the 
timing of the cleavages at A0, A l and A2 remain a source of debate. The existence of 
the 35S pre-rRNA has supported the view that cleavages and processing of pre- 
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rRNA (except within the 3'ETS) is a post-transcriptional event. However this has 
been challenged by findings that suggest cleavage can occur on nascent transcript, 
while transcription is ongoing (Osheim et al., 2004). Utilising chromatin spreads, the 
length of nascent transcripts along a single rDNA repeat were measured. Following 
assembly of the terminal knobs on nascent transcripts it appears that approximately 
50% of transcripts are shortened, concomitant with the loss of the terminal knob. It 
has been suggested that this corresponds to cleavage at the A 2 site, presumably 
following cleavage at A0 and A1 (Osheim et al., 2004). Another complex appears to 
assemble on the cleaved nascent transcript, which is suggested to represent the 
assembly of the first pre-60S particles. It remains to be investigated how factors such 
as growth rate affect the prevalence of co-transcriptional cleavage. Co-transcriptional 
cleavage within the internally transcribed spacer regions has previously been 
observed in Dictyostelium (Grainger & Maizels, 1980). 
Cleavage at A2, co-transcriptional or otherwise, promotes the disassembly of the 90S 
particle and the formation of discrete pre-40S and pre-60S particles. The majority of 
factors which are components of the SSU/90S particles fail to precipitate with either 
the 27SA2 or 20S pre-rRNA, suggesting that following cleavage at A 2 the majority of 
trans-acting factors dissociate. 
1.5.2 40S synthesis 
Very few factors appear to remain associated with pre-rRNA during the transition 
between 90S and pre-40S. Bridging factors do exist and include Enplp, Dimip, 
Hrr25p and Rrpl2p which, are components of the 90S pre-ribosomes and are 
retained in the pre-40S particles (Grandi et al., 2002). The pre-40S particle isolated 
contains 20S pre-rRNA in addition to the pre-40S specific assembly factors, Tsrl p, 
Rio2p, Ltvlp, and the putative nuclease Noblp (Schafer et al., 2003). Depletion or 
deletion of these 40S synthesis factors generally results in the failure to process 20S 
pre-rRNA and a subsequent inability to synthesise 18S rRNA. 
The pre-40S subunit is thought to traverse the nucleoplasm to the cytoplasm very 
rapidly, since only minor rearrangements are anticipated following its release from 
the 90S precursor. The idea of rapid export is supported by the observation that no 
pre-40S synthesis factor, other than Hrr25p, displays nucleoplasmic localisation. 
Each of the 8 non-ribosomal protein components identified in the pre-40S particle 
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remain attached to the pre-ribosome in the cytoplasm. However, the factors appear 
to associate at different times, for example, Tsrl p localises to both the nucleolus and 
cytoplasm compared to Rio2p which is mainly cytoplasmic. This suggests that Tsrl p 
associates prior to Rio2p (Schafer et al., 2003; Tschochner & Hurt, 2003). 
Several factors implicated in the maturation of 20S pre-rRNA to 18S rRNA, such as 
Riolp (Vanrobays et al., 2003), have failed to be isolated in affinity preparations, 
suggesting that interactions may perhaps be weak and/or transient. Interestingly no 
GTPases or ATPases, which are associated with conformational changes, were 
identified in affinity preparations, suggesting that structural rearrangements of pre-
40S to mature 40S are perhaps modest. Alternately, factors such as NTPases may 
interact very transiently with pre-40S particles. Details are beginning to emerge of the 
final steps in the maturation of pre-40S particles. It has recently been reported that 
the kinase Hrr25p phosphorylates the pre-40S component Enpi p and the ribosomal 
protein Rps3p. Subsequent dephosphorylation of Rps3p results in its stable 
integration into the pre-40S subunit and induces a conformational change of the 
small subunit (Schafer et al., 2006). 
1.5.3 608 synthesis 
Maturation of the 60S subunit is a far more complex process than 40S biogenesis, 
and therefore requires more assembly factors and takes longer. A number of pre-60S 
complexes have been identified through affinity purification of non-ribosomal factors 
with a characterised role in 60S synthesis (Ba(3ler et al., 2001; Harnpicharnchai et al., 
2001; Saveanu et al., 2001; Fatica et al., 2002; Saveanu et al., 2003). The affinity-
purified particles can be crudely ordered, both spatially and temporally, by comparing 
the protein and pre-rRNA composition of the pre-ribosomes with the localization of 
components. Early (E0, El and E2), particles, defined by pre-ribosomes isolated 
using Nsa3p/Ciclp, Ssf lp and Nop7p bait proteins are nucleolar. Middle stage 
particles, defined by Nuglp, Nug2/Nog2p Rixip and Sdalp associated particles are 
nucleolar and nucleoplasmic, while late processing intermediates, isolated using 
Arxl p and Kre35p bait proteins, are predominantly cytoplasmic. 
1.5.3.1 Early pre-60S particles 
A small number of proteins are found in both SSU/90S complex and in early pre-60S 
particles, including Nsa3/Cic1p, Rrp5p, and Rrp9p. These factors associate prior to 
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and following cleavage at A 2 and may act to recruit other 60S assembly factors. The 
earliest of the pre-60S particles purified (E0) contains in addition to the 90S to pre-
60S bridging factors, pre-60S specific non-ribosomal protein factors and the 27SA 2 
pre-rRNA. Additionally, a number of H/ACA and C/D box snoRNAs, implicated in 
modifying residues within the peptidyl transferase centre, were found to efficiently co-
precipitate with the Npal p associated E0 particle (Dez et al., 2004). This suggests 
that, while the precise timing of covalent modification remains to be established, 
some modifications may occur on cleaved pre-rRNA5 or that there is a flexiability in 
the timing of modification. 
Subsequent early pre-60S particles are defined by those associated with Nsa3/Cic1 - 
TAP and Ssfl-TAP. Early pre-60S particles (El) are found to be associated with 
27SA2, 27SA3 and 27SB pre-rRNAs (Fatica et al., 2002; Nissan et al., 2002) and are 
heavily laden with more than 50 non-ribosomal assembly factors. In contrast, fewer 
ribosomal proteins of the large subunit are found associated with these early pre-60S 
particles than with later particles. Some early pre-60S synthesis factors associate for 
a short period of time whilst others are "core factors" that remain associated for a 
longer period of time with multiple pre-ribosomal particles. Ssflp appears to be 
associated with pre-60S particles for a relatively short period of time, as it does not 
efficiently precipitate pre-rRNA species that are generated following cleavage at C 2 . 
Conversely, Nsa3p/Cicl p represents one of the "core factors" which associate with 
pre-ribosomal particles over long periods of time as it associates with 90S pre-
ribosomes and dissociates just prior to nuclear export of pre-60S particles. 
An E2 (early 2) complex identified from affinity purification of Nop7p (Harnpicharnchai 
et al., 2001) contains predominantly 27SB and 25S' + 7S pre-rRNA species. Little 
alteration in protein complement can be seen from the earlier pre-60S complexes, 
however a greater number of ribosomal proteins of the large subunit are present, as 
compared to the Ssf 1 p  associated particle. This complex is believed to be nucleolar 
as the majority of the associated non-ribosomal proteins show a predominantly 
nucleolar localization. 
1.5.3.2 Middle phase pre-60S particles 
A number of mid-phase (M) pre-60S complexes, defined by the presence of factors 
required for processing the 27SB 1L+S and 7S pre-rRNA, have been identified using 
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different bait proteins including Nugip, Nug2/Nog2p Rixlp and Sdalp (Bal3ler et al., 
2001; Saveanu et al., 2001; Nissan et al., 2002). As might be expected of a dynamic 
process, each of the isolated M-phase complexes has different ratios of pre-rRNA 
species and mature rRNA in addition to differences in protein composition. This has 
allowed the mid-phase particles to be placed in a tentative temporal order. The 
Nugi p associated complex has the greatest number of non-ribosomal proteins and 
lacks fully mature rRNAs, while the Sdalp complex carries the fewest proteins, and 
contains predominantly mature rRNAs. Thus, a progressive maturation of pre-rRNA 
and simplification of non-ribosomal protein complement is seen in mid-phase 
complexes. Mid-phase pre-ribosomes associate with the Noc2p/Noc3p heterodimer, 
which has been shown to be involved in the movement of pre-60S particles from the 
nucleolus to the nucleoplasm (Milkereit et al., 2001) (see section 1.7.1). Additionally, 
a number of the non-ribosomal proteins contained in these complexes interact with 
components of the nuclear pore complex (NPC), suggesting that they accompany the 
pre-60S particle to the cytoplasm or are released during transport through the NPC 
(Rout et al., 2000). 
An important addition to the emerging 60S subunit is the acquisition of the 5S rRNA. 
The 5S rRNA is absent in the El Ssflp associated particle (Harnpicharnchai et al., 
2001; Fatica et al., 2002) but is present in subsequent pre-60S particles including 
those defined by Nop7p, Nugip and Rixlp (Harnpicharnchai et al., 2001; Nissan et 
al., 2002). However, 5S rRNA is more efficiently purified in late 
nucleoplasmic/cytoplasmic particles, including the Arxl p and Kre35p/Lsgl p 
associated particles (Nissan et al., 2002) (see below). 5S rRNA associates with the 
pre-60S particle via Rpl5p, which is believed to associate with early pre-60S 
particles. It is possible that 5S rRNA associates with early pre-60S particles but that a 
conformational change is required for its stable integration, a step that is only 
achieved in later pre-60S particles. 
1.5.3.3 Late pre-60S particles 
Following maturation of RNA in the nucleoplasm the pre-60S particle attains export 
competence. It is anticipated that prior to export the pre-60S particle undergoes a 
conformational change that results in the exclusion of nuclear processing factors and 
the association of export factors resulting in export competence. The late 
nucleoplasmic/ cytoplasmic complex, characterised by the Arxl p associated particle, 
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(Nissan et al., 2002) recruits export factors including the export adapter protein 
Nmd3p, which acts to bridge the pre-ribosome to the exportin, Crmlp (see section 
1.7.2). (Ho et al., 2000; Gadal et al., 2001b). 
Substantial structural rearrangement of the 60S subunit may be required in the 
cytoplasm, to convert the inactive pre-ribosome into a functional 60S. The last of the 
large subunit proteins associate in the cytoplasm, while the remaining non-ribosomal 
factors dissociate. Dissociation of the last non-ribosomal factors has been predicted 
to cause structural rearrangement that permit the association of the 608 with the 40S 
subunit. It has recently been suggested that the release and recycling of cytoplasmic 
trans-acting factors to the nucleus is tightly linked to the maturation of pre-60S 
particles (Hung & Johnson, 2006; Lebreton et al., 2006). There is evidence that late 
60S pre-ribosomes interact with components of the small subunit as the cytoplasmic 
Lsgl p/Kre35p associated complex purifies together with some ribosomal proteins of 
the small subunit (Nissan et al., 2002). 
1.6 Trans-acting ribosome synthesis factors 
Trans-acting, non-ribosomal, factors are components of and are required for the 
assembly of pre-ribosomal particles. They are required for the processing, 
modification and folding of rRNA, the recruitment of ribosomal proteins and the export 
of ribosomal subunits. How the majority of trans-acting factors are recruited to pre-
ribosomes, what their function is when attached and how they influence the 
maturation and rearrangement of pre-ribosomes remains unknown. It is emerging 
that key players involved in the structural rearrangements of pre-ribosomes are the 
families of energy requiring molecules including the ATP dependent helicases, AAA-
ATPases and GTPases. 
1.6.1 Helicases 
The ATP dependent DEAD box helicases constitute the largest family of trans-acting 
protein factors involved in ribosome assembly. 18 putative helicases are predicted to 
be involved in the synthesis of 40S or 60S subunits in Saccharomyces cerevisiae, 14 
of which are DEAD box proteins. Only one helicase, Hasip, has been implicated in 
the maturation of both 18S and 25 + 5.8S rRNA5 (Harnpicharnchai et al., 2001; 
Grandi et al., 2002; Nissan et al., 2002; Emery et al., 2004). DEAD box helicases 
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contain 9 conserved motifs (8 of which are conserved in the extended DExD/H 
family) that have been functionally characterised. Binding and hydrolysis of ATP was 
mapped to domains I and II (Rozen et al., 1989; Tanner et al., 2003; Cordin et al., 
2004), while the binding of RNA was mapped to domains V and VI (Pause et al., 
1993). ATPase activity of DExH/D box helicases is stimulated upon RNA binding, 
however, few helicases show specificity in RNA binding in vitro. ATP dependent 
helicases are predicted to exist in a number of different conformations, which are 
dependent upon the binding of RNA and nucleotide binding and hydrolysis. It is via 
these conformational changes that helicases are believed to mediate unwinding 
activity. 
The functions of helicases in rRNA processing were initially analysed through 
depletion or mutational analysis (Venema et al., 1997; Weaver et al., 1997; de la 
Cruz et al., 1998a; Kressler et al., 1998; Burger et al., 2000; Daugeron et al., 2001; 
Daugeron & Linder, 2001) and more recently through the identification of dominant 
negative alleles (Bernstein et al., 2006; Granneman et al., 2006). These analyses 
confirmed that helicases implicated in the synthesis of 40S particles are generally 
defective in the early pre-rRNA cleavages, while those involved in 60S biogenesis 
are predominantly defective in the processing of 27S pre-rRNA species. The defects 
seen in dominant negative analyses, where the mutation is normally in the ATP 
binding domain, are likely due to depletion of the helicase, as such mutant helicases 
are anticipated to bind the RNA substrate but not release it, due to an inability to 
hydrolyse ATP. However, dominant negative phenotypes require a very high level of 
over-expression, which may give rise to indirect effects. 
A number of putative roles for helicases have been suggested in the assembly of 
ribosomes. The rRNA components of pre-ribosomal particles are highly structured 
and contain numerous regions of stable secondary structure. During the maturation 
process the pre-rRNA component is likely to be unwound and refolded at multiple 
locations to allow association and dissociation of trans-acting factors. It is likely that 
helicases can disrupt both RNA-RNA and RNA-protein interactions. One of the best 
characterised helicases involved in ribosome biogenesis is Dobl/Mtr4p, which is a 
co-factor for the exosome and a component of the TRAMP complex (de la Cruz et al., 
1998b; LaCava et al., 2005) (See section 1.8). The action of Mtr4p appears to allow 
the exosome access to the pre-rRNA for processing or degradation. This is a role 
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that could be envisaged for other helicases. Another likely role for helicases is in the 
unwinding of snoRNAs, which base-pair to pre-rRNA to mediate covalent 
modifications and, for a small subset of snoRNAs, pre-rRNA processing. 
Identification of the sites and substrates of helicase activity is limited by a 
fragmentary knowledge of their physical and genetic interactions. However, 
substrates of the small subunit helicase Dbp4p have been experimentally verified 
(Kos & Tollervey, 2005). From sucrose density gradient analysis it has been 
determined that depletion of Dbp4p prevents the dissociation of U14 and snR41 
snoRNAs from their pre-rRNA substrate. Likewise, point mutation within the ATP 
binding domain or the helicase domain prevented snoRNA dissociation. Recently, 
using similar techniques, it has been shown that the helicase Hasl p is required for 
the release of a number of snoRNA molecules, including U3 and U14, from pre-
ribosomal particles (Liang & Fournier, 2006). 
1.6.2 A TPases 
Helicases are only one set of factors utilising energy harnessed from NTP hydrolysis. 
Affinity purifications of pre-ribosomes have identified a number of putative GTPases 
and AAA-type ATPases to be associated with 90S and pre-60S particles. There is 
however an apparent absence of such factors from pre-40S subunits. Two factors 
purified in pre-60S complexes, Rix7p and Real p, are predicted to be members of the 
AAA-ATPase family. Members of this enzymatic family, which form homo-heptameric 
or hexameric rings, are required for a diverse array of cellular activities. During the 
ATPase cycle conformational changes in the ring structure can induce a change in 
the surrounding molecular environment. These conformational changes could 
ultimately result in the unfolding of proteins and a disruption in protein-protein or 
protein-RNA interactions. Depletion of the enormous Realp (560KDa) results an 
accumulation of a GFP reporter for the large subunit around the nuclear periphery 
(Galani et al., 2004). Although not directly tested the possibility exists that Real p, 
which shows homology to the motor protein dynein, promotes intranuclear transport 
and/or subsequent nucleo-cytoplasmic export. Various manners in which Real p 
could be involved in transport can be envisioned. Real  could act directly as a motor 
protein in a manner similar to the dynein or, alternately, it may promote 
conformational changes required for the removal of nuclear proteins and/or 
association of export factors, prior to pre-ribosomes gaining export competence. 
Supporting this idea of a structural rearrangement, in vitro studies have shown that 
41 
addition of ATP is able to induce the disassociation of Real p, and the putative 
GTPase Nug2p, from pre-60S particles (Nissan et al., 2004). The concomitant 
removal of both Nug2p and Real  suggests the possibility of co-ordinated activities 
of ATPases and GlPases in the maturation of pre-60S particles. 
1.6.3 GTPases 
Putative GTPases, which bind GTP in conserved G domains, exist in 3 
conformational states, the nucleotide-free state, the GTP bound state and, following 
hydrolysis of GTP, the GDP bound state. This cycle of GTP hydrolysis and the 
subsequent exchange of GDP for GTP requires the activity of a GTPase activating 
protein (GAP) and guanonucleotide exchange factors (GEF). The change in 
conformation resulting from GTP hydrolysis can induce subsequent structural 
rearrangements by altering the binding affinity of effector molecules. This can lead to 
the association or dissociation of trans-acting factors from pre-ribosomes. 
The best characterised of the pre-ribosomal factors that exhibits GTPase activity is 
Bmslp, which associates with the 90S pre-ribosome and is required for the 
biogenesis of the 40S subunit (Grandi et al., 2002). Bmslp, which contains an 
intramolecular GAP, is known to physically associate with both Rcllp and U3 
(Gelperin et al., 2001; Wegierski et al., 2001; Karbstein et al., 2005). Recently it has 
been shown that the binding of Bmslp to GTP, Rcllp and U3 are thermodynamically 
coupled events (Karbstein et al., 2005; Karbstein & Doudna, 2006), allowing the 
order of binding to be predicted. On binding GTP, Bmslp increases its affinity for 
Rcllp, the binding of which in turn promotes the binding of U3 to Bmslp. This 
Bmsl p-GTP-Rcll p-U3 complex is then predicted to bind to the ribosome via U3 and 
on binding to the pre-ribosome an unknown signal is anticipated to induce a 
conformational change allowing activation of the intramolecular GAP and resulting in 
GTP hydrolysis. In the GDP bound state Rcllp dissociates from Bmslp and results in 
a lower affinity of Bmsl p with U3. This is suggested to result in the dissociation of 
Bmslp from the pre-ribosome, having delivered the Rcllp cargo onto the pre-
ribosomal particle. This data also supports a role for small sub-complexes of 
ribosome synthesis factors in the assembly of pre-ribosomal particles. 
Similar coupling events can be imagined for other putative GTPases. Nogip, Nugip 
and Nog2p/Nug2p are putative GTPases that associate with late nucleoplasmic pre- 
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605 particles and are predicted to be involved in structural rearrangements and 
removal of nuclear proteins prior to export to the cytoplasm (Saveanu et al., 2001; 
Kallstrom et at., 2003). GTPases Eflip and Lsglp/Kre35p are predicted to be 
involved in the final stages of cytoplasmic maturation of the pre-60S particle and its 
interaction with the 40S subunit. Dissociation of ribosome synthesis factor Tif6p from 
the 60S subunit relies upon the hydrolysis of GTP by the cytoplasmic protein Ef Ii p, 
which is predicted to induce a conformational change. In the absence of Ef Ii p, Tfi6p 
fails to be recycled to the nucleolus and gets trapped in the cytoplasm (Senger et al., 
2001; Graindorge et al., 2005). Similarly removal of the export receptor Nmd3p from 
pre-60S particles requires the Lsglp/Kre35p GTPase (Hedges et al., 2005). 
1.7 Intranuclear transport and nucleo-cytoplasmic export of 
ribosomal subunits. 
1.7.1 Intranuclear transport 
Intranuclear transport through the nucleolus and nucleoplasm and subsequent export 
to the cytoplasm is a means to spatially and temporally separate the steps in 
ribosome assembly and processing and to ensure that they take place in the 
prescribed order. One of the major questions in ribosome biogenesis is how 
ribosomes traverse these different compartments in an ordered fashion and how. 
immature subunits are excluded from the irreversible step of nuclear export. It is 
believed that there are quality control mechanisms in place that decide on the 
suitability of further processing and transport. It is possible that the presence or 
absence of specific trans-acting factors or ribosomal components on a pre-ribosome 
will signal the structural suitability/unsuitability for further processing and therefore 
may promote or inhibit further transport of the pre-ribosomes. It is likely that transport 
requires both the acquisition of active transport signals as well as the removal of 
retention signal from pre-ribosomes (See section 1.7.2). 
By using reporter assays in the form of GFP-tagged ribosomal proteins of the large 
and the small subunit or fluorescence in situ hybridisation (FISH) of pre-rRNAs, the 
effect of mutation on intracellular movement of pre-ribosomal particles can be 
assessed (Moy & Silver, 1999; Stage-Zimmermann et al., 2000; Grandi et al., 2002). 
Numerous factors have been identified which exhibit defects at different stages in 
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intracellular transport of pre-ribosomal particles. Such factors can be broadly divided 
into two classes; firstly, transport factors that are directly implicated in the movement 
of subunits, for example components of the NPC and ribosome export receptors and, 
secondly, factors implicated in the maturation and processing of pre-ribosomes, 
which when mutated or depleted generate pre-ribosomes that are unsuitable for 
transport. 
Like processing, assembly and maturation of pre-40S and pre-60S particles, 
intranuclear movement and export of particles follow separate pathways. Following 
cleavage at A2 and the release of pre-40S, the small subunits are rapidly exported 
from the nucleolus to the cytoplasm (Udem & Warner, 1973). In agreement with this 
short time of residency in the nucleoplasm, cryo-EM studies have detected few pre-
40S particles in the nucleoplasm (Gleizes et al., 2001). From detailed analysis of cryo 
EM data it is possible to see ribosomal subunits (a mixed population of pre-40S and 
pre-60S particles) apparently lining up for export at NPCs on both the nucleolar side 
and the non-nucleolar side of the nucleus (Leger-Silvestre et al., 1999). This may 
suggest that a nucleoplasmic phase of maturation, perhaps for pre-40S particles, is 
not strictly necessary. 
Pre-60S particles have a far longer nuclear maturation phase, than pre-40S subunits, 
following subunit separation (following cleavage at A 2), which requires time in both 
the nucleolus and nucleoplasm. A crucial step in the release of pre-60S particles form 
the nucleolus to the nucleoplasm appears to be the appearance of 7S and 26S pre-
rRNAs generated by cleavage at C 2. Depletion of Rlp7p, which inhibits cleavage at 
C2, results in the nucleolar accumulation of pre-60S particles (Gadal et al., 2002). A 
number of trans-acting factors, including Noclp-Noc3p, have been implicated in the 
intra-nuclear movement of pre-60S particles (Milkereit et al., 2001). An additional 
member of the NOC family, Noc4p, has been implicated in the nucleolar release of 
the small subunit (Milkereit et al., 2003). It has been shown, by localisation assays of 
the large subunits and proteomic analysis, that Nocip and Noc2p are components of 
early nucleolar pre-60S subunits. Noc2p remains associated with later pre-60S 
particles, with which Noc3p associates. Temperature sensitive alleles of NOC1 result 
in the nucleolar accumulation of pre-60S particles, while a conditional allele of NOC3 
results in the nucleoplasmic accumulation of pre-60S particles. Additionally, in vitro 
analysis reveal that Noc2p can form heterodimers with either Nocip, or Noc2p 
(Milkereit et al., 2001). Together these observations suggest that the replacement of 
Nod p with Noc3p is necessary for the release of the pre-60S particles from the 
nucleolus to the nudleoplasm. Other instances of protein replacements in the 
maturation pathway are predicted to alter the conformation of pre-60S particles to 
render them export competent. The ribosomal like proteins Rlp7p and Rlp24p are 
speculated to dissociate from the pre-ribosomes to make way for the binding of 
Rpl7p and Rp124p prior to export of pre-60S particles (Gadal et al., 2002). It is 
predicted that the mechanism that generates the conformational changes and 
subsequent release of pre-ribosomes from one cellular compartment to another is the 
activity of remodelling factors such as the AAA-ATPases and GTPases. 
An important feature in attaining export competence is the final steps in the synthesis 
of mature 5.8S and 25S rRNA as it is generally accepted that the pre-60S particles 
that are exported to the cytoplasm contain the mature rRNAs. Evidence from 
Xenopus oocytes indicates that the final processing steps in synthesis of 5.8S at the 
3' end are linked to the export of pre-60S particles (Trotta et al., 2003). Interestingly 
mutants defective in components of the export machinery including the yeast Ran, 
Gsplp, accumulate 3' extended forms of 5.8S pre-rRNA in the nucleoplasm (Suzuki 
et al., 2001). 
1.7.2 Nuc!eo-cytoplasmic export. 
Export of pre-ribosomal subunits from the nucleus to the cytoplasm requires 
translocation through nuclear pore complexes (NPC). Small proteins (<4OkDa) and 
metabolites can diffuse freely across the NPC, however large proteins and 
complexes such as the pre-ribosomal particles require active transport across the 
nuclear membrane. The GTPase activity of Ran (Gspl p in yeast) provides the 
directionality for this transport system. The energy harnessed by hydrolysis of GTP is 
not, itself, required for the translocation of factors through the nuclear pore. However, 
the conformational changes which GTP hydrolysis elicits are essential for the 
association and dissociation of cargo molecules (Schwoebel et al., 1998). 
To impose directionality on the transport process a gradient of Ran-GTP::Ran-GDP 
must be maintained across the nuclear membrane, where the majority of Ran-GTP is 
nuclear and Ran-GDP is cytoplasmic (Gorlich et al., 1996; Izaurralde et al., 1997). 
The GTP/GDP bound status of Ran is governed by the specific localisation of factors, 
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required for either GTPase activity or nucleotide exchange. In the cytoplasm Ran-
GTP is converted to Ran-GDP due to the presence of the Ran GTPase activating 
protein (GAP), Rnalp. Conversely, in the nucleus Ran-GOP is converted to Ran-GTP 
due to the presence of the chromatin associated, Ran guanine nucleotide exchange 
factor (GEF), RCC1 (Mtrlp in yeast). In the presence of Ran-GOP an import complex 
is stabilised, but nucleotide exchange in the nucleoplasm, promotes the release of 
the cargo. Conversely, a Ran-GTP promotes formation of an export complex in the 
nucleoplasm, which is released in the cytoplasm when GTP is hydrolysed. 
RanGTP/GDP binds to cargo via transport receptor molecules called importins or 
exportins. Many of the transport receptors are members of the Karyopherin p family, 
which mediate interactions between the cargo and the NPC to permit import/export. 
In Saccharomyces cerevisiae (Ho et al., 2000; Gadal et al., 2001b; Moy & Silver, 
2002) and higher eukaryotes (Thomas & Kutay, 2003; Trotta et al., 2003). 
Crmlp/Xpolp, a member of the karyopherin 3 family, was identified as the export 
receptor, required for export of both the large and the small ribosomal subunits (Hurt 
et al., 1999; Moy & Silver, 1999). 
Exportins bind to cargo to be exported via a nuclear export signal (NES) present in 
the polypeptide sequence. Crmlp/Xpolp is believed to interact with the large subunit 
via the export adapter Nmd3p, which contains a leucine rich NES in its C-terminal 
(Ho et al., 2000; Gadal et al., 2001b). Nmd3p is predicted to function directly in the 
export of pre-60S particles as its depletion does not result in any specific defect in 
pre-rRNA processing but results in the nuclear accumulation of pre-60S particles 
(Gadal et al., 2001 b). TAP purification studies revealed that Nmd3p is one of the last 
trans-acting factors to associate with the pre-60S particle in the nucleus prior to its 
export to the cytoplasm. Nmd3p was initially believed to bind to the pre-60S via the 
ribosomal protein RpllOp (Gadal et al., 2001b),which has been identified as a 
component of multiple early, middle and late stage pre-60S particles (Nissan et al., 
2002). This suggests that the site for Nmd3p binding is concealed until just prior to 
the export of pre-60S particles. The binding of Nmd3p to RpllOp may require a 
conformational change, perhaps mediated by GTPases, which may not occur in 
immature or defective pre-ribosomes. This would prevent the emergence of the 
Nmd3p binding site and thus inhibit export of unsuitable (immature or defective) pre-
ribosomal subunits. However, recent studies have suggested that Nmd3p can bind to 
pre-60S particles in the absence of RpllOp, which is predicted to associate with pre-
60S particles following their export to the cytoplasm (West et al., 2005). 
While it is believed that Nmd3p represents the export adapter for the large subunit, 
the source of the pre-40S NES remains elusive. However, a good candidate for a 
factor linking the export receptor to the small subunit is Rpsl 5p. Depletion of Rpsl 5p 
results in the specific nucleoplasmic accumulation of pre-40S particles (Leger-
Silvestre et al., 2004). Release of pre-40S particles from the nucleolus was not 
compromised and processing of pre-rRNA appeared normal, suggesting that the 
incorporation of Rpsl5p is required for the generation of export competent particles. 
No NES sequence has been identified in Rpsl5p but direct binding to Crmlp cannot 
be excluded. An alternative possibility is that Rpsl5p may function in a similar 
manner to RpllOp, requiring an adapter protein to connect the pre-ribosome to the 
exportin. 
Following association of export receptors with the pre-ribosomal subunit, this 
complex must negotiate transport through the NPC. The width of the ribosomal 
subunits (25-30nm) are comparable with the internal diameter of the NPCs, therefore 
the pre-ribosomal particles approach the limits of NPC capacity. The NPC in 
Saccharomyces cerevisiae are enormous 50MDa protein complexes that are found 
imbedded in the nuclear membrane. The NPC displays an 8-fold rotational symmetry 
(with respect to the nuclear membrane), but is asymmetric in the nuclear-cytoplasmic 
axis (Stutz & Rosbash, 1998; Rout et at., 2000). The central channel of the NPC 
takes the form of a cylindrical core connected to cytoplasmic and nuclear rings by an 
8-spoke structure. Filaments emanate from the central channel into the nucleus and 
cytoplasm. Flexible fibrils extend from the cytoplasmic ring structure, while nuclear 
filaments join together with another ring structure to form the nuclear basket. The 
NPC is composed of more than 30 proteins, called nucleoporins (NUPS). Between 8-
56 copies of each NUP are found per NPC, accounting for the 8-fold symmetry. Over 
half of the NUPs contain multiple stretches of FG (phenylalanine and glycine) repeats 
that are located throughout the NPC, and extend into the central channel (Rout et al., 
2000; Rodriguez et at., 2004). 
In order for cargo to be exported efficiently it must interact, via export/import 
receptors, with the hydrophobic, FG-containing NUPs. Different models have been 
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suggested to explain the mechanism by which FG repeats interact with export 
receptors to allow transit through the NPC. One model, the so-called "Brownian 
affinity gate model", predicts that the FG-repeat NUPS form a hydrophobic barrier in 
the flexible fibrils at the entrance to the NPC, with which export receptors must 
interact. Sequential association with FG-NUPS would allow translocation through the 
NPC (Rout et al., 2000). An alternate "selective phase" model proposes that the FG-
NUP5 form a hydrophobic mesh within the central channel of the NPC, by interacting 
with each other. In either model efficient translocation of cargos would relay on their 
ability to interact with the mesh of FG-repeats on nucleoporins (Ribbeck & Gorlich, 
2002). 
Karyopherins, including Crmlp contain HEAT repeats (Andrade & Bork, 1995) that 
form super-helical structures capable of interaction with the FG-repeats in 
nucleoporins. In the case of the export of ribosomal subunits, it is difficult to envisage 
how a single Crml p molecule per subunit is sufficient to neutralise the enormously 
hydrophilic pre-ribosomes and allow them efficient passage through the NPC. It has 
been suggested that additional proteins containing HEAT repeats assemble onto pre-
ribosomes and mediate interactions with FG repeats to allow efficient export. The 
HEAT repeat containing protein Rrp12p has been shown to accompany both pre-40S 
and pre-60S particles from the nucleus to the cytoplasm. Additionally, Rrpl2p shows 
an ability to bind nucleoporins and Ran GTP/GDP and depletion of Rrp12p results in 
the inhibition of export of both subunits (Oeffinger et al., 2004). 
1.8 Pre-rRNA surveillance 
It is becoming clear that eukaryotic cells go to a great deal of trouble to ensure that 
ribosomes are synthesised correctly and function accurately. The existence of a 
surveillance pathway that detects and degrades aberrant pre-ribosomal particles has 
long been anticipated. The vast majority of ribosome synthesis mutants inhibit the 
production of one or more species of mature rRNA. However, high levels of pre-
rRNAs do not accumulate, which has lead to the suggestion that pre-rRNAs trapped 
within aberrantly assembled pre-ribosomal particles are subject to degradation. 
There is precedence for the degradation of other aberrantly formed RNP structures, 
including aberrant cytoplasmic mRNPs that are targeted by nonsense mediated 
48 
decay (Cheng & Maquat, 1993), ARE mediated decay (Brewer, 1991) and No-go 
decay (Doma & Parker, 2006), as well as nuclear turnover of aberrant pre-mRNAs 
(Bousquet-Antonelli et al., 2000; Torchet et al., 2002; Milligan et al., 2005). 
As described in a previous section (1.4.3), the exosome complex plays an essential 
role in the maturation of the 5.8S rRNA. An additional role has been suggested for 
the exosome in the degradation of the pre-rRNA component of incorrectly assembled 
pre-ribosomes (Ailmang et al., 2000). The products of premature cleavage events, 
the 23S, 21S and the A2-C2 rRNA species, are normally found at low levels in WT 
cells. However on depletion of core exosome components these aberrant species 
were significantly stabilised, suggesting that the degradation pathway is inhibited 
when the exosome is inactivated (Alimang et al., 2000). It was predicted that this 
same surveillance pathway and subsequent exosome mediated degradation is active 
to prevent the accumulation of precursors in ribosome synthesis mutants. 
A breakthrough in elucidating the mechanism of pre-rRNA surveillance was made 
with the identification of a key activator of the exosome. The exosome is believed to 
have low intrinsic RNase activity and requires activators to stimulate its activity. It 
appears that different exosomal substrates, some of which are to be matured and 
others degraded, require different activators, in addition to the core exosome. For 
example, maturation of the 5.8S rRNA requires the co-factor Dobl/Mtr4p, a DEAD 
box helicase, while cytoplasmic degradation requires the ski complex. The recently 
identified IRf -Air-Mtr4- olyadenylation (TRAMP) complexes, appear to provide the 
signal required for activating the exosome to decay pre-rRNAs, pre-tRNAs, snoRNAs 
and snRNAs (LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). No 
role for the TRAMP complex in the maturation of stable RNA molecules has yet been 
identified. The TRAMP complex contains the helicase Dobl/Mtr4p, a polyA 
polymerase Trf4p or Trf5p, and a zinc knuckle putative RNA binding protein, either 
Airlp or the functionally redundant Air2p. The TRAMP complex may bind to its 
substrate via the Airl p or Air2p proteins, allowing the subsequent addition of an 
oligo-A tail onto the 3' end of the substrate, through the polyadenylation activity of 
Trf4p (in TRAMP4) or Trt5p (in TRAMP5) (Houseley & Tollervey, 2006). Following 
addition of the short oligo-A tail the exosome is recruited, possibly by Dobl/Mtr4p, to 
the polyadenylated substrate and targets it for degradation. From analysis of 
exosome mutants it appears that the TRAMP complex is targeting the 
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polyadenylated RNAs for degradation via Rrp6p and Rrp44p. Indeed, low levels of 
polyadenylated pre-rRNAs species have previously been identified and were found to 
be stabilised in an rrp6A strain (Kuai et al., 2004). The addition of a polyA tail is 
believed to provide a landing pad" onto which the exosome can attach and initiate 
degradation. This is similar to the situation observed in prokaryotes where oligoA tails 
are added to stimulate exonuclease activity (Li et al., 1998). 
Aberrant ribosomes generated in a sdal-1 strain have been shown to be targeted for 
exosome mediated degradation via TRAMP4 mediated polyadenylation (Dez et al., 
2006). On shifting from permissive to non-permissive temperatures, nucleo-
cytoplasmic export of pre-ribosomal particles is blocked, followed by an inhibition of 
pre-rRNA processing. Precursors that accumulate are polyadenylated in a Trt4p-
dependent manner and subsequently degraded in an exosome-dependent manner. 
These pre-rRNAs co-localise with TRAMP and exosome components in a nucleolar 
focus, termed the no-body, predicted to be site of pre-rRNA degradation (Dez et al., 
2006). 
The mechanism by which the TRAMP complex identifies aberrant substrates remains 
unknown. The TRAMP complex appears to recognise and polyadenylate diverse 
substrates, which share no sequence elements or structural features (Houseley et al., 
2006). One possible mechanism by which the surveillance machinery is recruited to 
pre-ribosomal particles is through component/s present on the pre-ribosome. A 
competition between processing and surveillance may then ensue. If processing and 
maturation of pre-ribosomal particles is proceeding with normal kinetics then the 
surveillance machinery will be unable to act. However, if there is a disruption in 
ribosome synthesis that results in delayed kinetics then the surveillance machinery 
could act. Such a mechanism of recognition does not require specific defects in 
ribosome biogenesis to be identified. What would be detected, a kinetic delay in the 
processing and assembly pathway, is a consequence of the defect. 
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1.9 Aims of this Thesis 
Over recent years a plethora of over 170 trans-acting pre-rRNA processing, rRNA 
modification and ribosome assembly factors have been identified in Saccharomyces 
cerevisiae. Whilst the steps involved in processing of pre-rRNA are believed to be 
well understood, detailed understanding of other aspects of ribosome biogenesis lag 
behind. The aim of this thesis is to try and better understand the assembly of pre-
ribosomes and the surveillance of aberrant pre-ribosomes. 
Previous analyses of yeast strains depleted for specific proteins have helped to 
identify the role of many trans-acting factors in ribosome synthesis. Here I report the 
analysis of strains depleted of Ypl146cp, Yj101Ocp, or Sdolp, which will make it 
possible to elucidate any role for these proteins in ribosome biogenesis. Depletion 
analysis can be combined with affinity purification of tagged proteins, localisation 
analysis and RNA binding assays, to gain insight into how each factor functions in 
the maturation of pre-ribosomal subunits. 
Nop53p (Ypll46cp) was identified in multiple affinity purifications of pre-ribosomal 
particles. Additionally there was evidence of physical interaction between Nop53p 
and components of the TRAMP complex. We aimed to determine whether Nop53p 
functions directly in ribosome assembly and pre-rRNA processing. In addition, we 
planned to investigate the potential link between Nop53p and the surveillance of 
aberrant pre-ribosomes. 
Through bioinformatics analysis we identified 4 proteins of unknown biological 
function, Yj101Ocp, Ylr022cp (Sdolp), Yor287cp and Ycr016wp, none of which had 
previously been identified as components of a pre-ribosomal particles. We predicted 
from physical and genetic interactions, localization, and motif data that each of these 
factors are involved in the processing of pre-rRNA. Each protein also had a tentative 
link, from affinity purification or 2-hybrid data, to Nop53p. Here we aimed to 
characterise the role that two of these proteins, Yj101Ocp (Nop9p) and Sdolp, play in 
ribosome biogenesis. Analysis of Yor287cp and Ycr016p are on-going, but were not 




Materials and methods 
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2.1 Enzymes and Chemicals 
Enzymes were purchased from New England Biolabs, Roche, Promega and 
Stratagene. Standard laboratory reagents were purchased from Sigma, Gibco, Difco 
and Fluka. Reagents obtained from specific sources are indicated. 
2.2 Culture and media 
E co/i cultures were grown in Luria-Bertani (LB) medium: log bacto-tryptone, 5g 
bacto-yeast extract, log NaCl, for 1 litre. The pH was adjusted to 7 with NaOH. 
Ampicillin was added for selection prior to use (lOO.tg/ml). For agar plates bacto-agar 
was added to 2% (wlv) prior to autoclaving at 151b/sq.inch for 20 minutes. SOB 
media was used for growth of bacteria prior to preparation of competent cells. SOB 
medium: 20g bacto-tryptone, 5g bacto-yeast extract, 0.5g NaCl, 2.5m1 1M KCI in a 
final volume 990m1. Medium was autoclaved at 15lb/sq.inch for 20 minutes. Before 
use, 1 OmI of 1 M MgCl 2 was added. 
Standard growth and handling techniques were used for the propagation of S. 
cerevisiae. Yeast was grown in either rich (YPD, YPG or YPRSG) or minimal (SD,SG 
or SRSG) media. 1 litre of the following media was composed as follows: 
YPD: log bacto-yeast extract, 20g bacto-peptone, 20g D-glucose 
y: log bacto-yeast extract, 20g peptone , 20g D-galactose 
YPRSG: log bacto-yeast extract, 20g peptone, 20g D-raffinose, 20g D-sucrose, 20g 
D-g alactose 
1 .7g Yeast nitrogen base, 5g Ammonium sulphate, 20g glucose, amino acids as 
required 
SQ. 1.7g Yeast Nitrogen base, 5g Ammonium sulphate, 20g galactose, amino acids 
as required 
SRSG: Yeast Nitrogen base, 5g ammonium sulphate, 20g raffinose, 20g sucrose, 
20g galactose, amino acids as required. 
For agar plates 2% (w/v) bacto-agar was added prior to autoclaving at 151b/sq.inch 
for 20 minutes. 
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2.3 Bacterial strains 
E co/i strain DH5a (F-480dIacZ DM15 (/acZYA-argF) U169 recAl endAl 
hsdRl 7(rk-, mk+) phoA supE44 - Xthi-1 gyrA96 re/Al) was used for the propagation 
of all plasmids. 
2.4 Yeast Strains 
The yeast strains used in this study are shown in Table 2.1 
Table 2.1 Yeast Strains 
Strain Genotype Reference 
BMA38 
MATa his3A200,Ieu2-3, 112, ura3- 1, trp 14, ade2- 1 
(Baudin 	et 	al., 
1993) 
YET1 As BMA38 but KAN::GAL 1::3HA-ypI146c This study 
BY4741 MATa his3A 1, /eu2AO, meti5AO, ura34O (Brachmann 	et 
al., 1998) 
Yp1146c-TAP As BY4741 but yp1146c-TAP::HIS (Ghaemmaghami 
et al., 2003) 
YET2 As BMA38 but ypI146c-eGFP.:HIS This study 
YET3 As BMA38 but pRpIl lb-eGFP::LEU This study 
YET4 As YET1 but pRS315Rp/i lb-GFP::LEU This study 
YET5 As BMA38 but pGarl-eGFP This study 
MS740 Mata ade2-101, ura3-52, Ieu2-3, /eu2-112, karl-i (Vallen 	et 	al., 
1992) 
YM01 7 MATa;ura3-52;trp 1;Ieu2zi 1;his3A200;gaI2;gaIA 108 
Rrpl2-eGFP::KAN 
Oeffinger 	et 	al 
2004 
YET6 As BMA38 but pAde This study 
YET7 As YET1 but pAde This study 
YET8 As BMA38 but rrp6A This study 
YET9 As YET1, but rrp6A This study 
YET10 As BMA38, but KAN::GAL1::3HA-yjIOlOc This study 
YET1 1 As BY4741, but yjIOiOc-TAP:.H/S (Ghaemmaghami 
et al., 2003) 
YET 12 As BMA38 but yjloloc-eGFP::H/S This study 
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YET13 As YET10, but pAde This study 
D270 Mata; ade2 his3 Ieu2 trp 1 ura3 (Venema 	& 
Tollervey, 1996) 
YET14 As D270 but KAN::GAL1::3HA-sdol clone 9 This study 
YET15 As D270 but KAN::GAL1::3HA-sdol clone 23 This study 
YET16 As BMA38 but sdol-TAP::H/S Dr A. Fatica 
YET17 As D270, but sdol-eGFP::HIS This study 
YET18 As D270 but pAde This study 
YET19 AsYET14 but pAde This study 
2.5 Oligonucleotides and primers 
Oligonucleotides used in this study, for Northern blot and primer extension analysis, 
are shown in Table 2.2. The position of hybridisation of probes on the on the 35S 
pre-rRNA are shown in Fig. 2.1. 
Table 2.2 Oligonucleotides 
Oligonucleotide Sequence Comments 
003 (27SA3) TGCTTACCTCTGGGCC Complementary to pre-rRNA 
sequence 5' to A3 
004(20S) CGGTTTTAATTGTCCTA Complementary to pre-rANA 
between D and A2 
006 (275B) AGA TTA GCC GCA GTT Complementary to pre-rRNA 
GG Immediately 3' of C2 
007(25S) CTCCGCTTATTGATATGC Complementary to 5' end of 
mature 25S rRNA 
008(18S) CATGGCTTAATCTTTGAG Complementary to pre-rRNA 
AC 5' end of mature 18S rRNA 
017(5.8S) GCGTTGTTCATCGATGC Complementary to 	mature 
5.8S rRNA 
020 (1TS25'B) TGAGAAGGAAATGACGCT Complementary 	to 	region 
across 5.8S/ITS2 boundary 
026 (ETS+911) CCAGATAACTATCTTAAAA Complementary to pre-rRNA 
G across A1 
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033 (5'ETS+278) CGC TGC TCA CCA ATG G Complementary to pre-rRNA 
278 nucleotides downstream 
of A0 
041(5S) CTA CTC GGT CAG GCT C Complementary to 	mature 
5S rANA 
200 (1.113) UUAUGGGACUUGUU Anti-U3 
202 (U14) TCACTCAGACATCCTAGG Complementary to 3 region 
of U14 
225 (SnR42) CTC COT AAA GCA TCA Complementary to SnR42 
CAA 
228 (SnR36) CAT CCA GOT CAA GAT comp to nt 40-56 in snR36 
CG 
231 (snR30) ATGTCTGCAGTATGGTTT Anti-snR30 (606-586) 
TAC 
250 (anti-SCR1) ATCCCGGCCGCCTCCATC Complementary to the RNA 
AC component 	of 	the 	signal 
recognition particle 
403 (anti-PGK1) ACCGTTTGGTCTACCCAA Complementary 	to 	PGK1 
GTGAGAAGCCAAGACA mRNA 
783 (snR4O) CCTGAGTACTTGTGGCAT Anti-snR40 
CC 
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Figure 2.1: Position of oligonucleotides used in this study. Oligonucleotide probes used 
for Northern blot and primer extension analysis are shown in blue. The position of Cy3 
labelled probes utilised for FISH are shown in red. 
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Primers used in this study for amplification by polymerase chain reaction (PCR) are 
shown in Table 2.3. 
Table 2.3 Primers 
Primer Sequence 
YpI 1 46c P FA6a aataaaaatgcgatggggtccttacattacaaCttatgCtattagttCgggaattcgagCtCg 
GAL 5' tttaaac 
'(p11 46c PFA6a tg aag actgtttgtattgagatggtttcttggttagattagttgg agccatgca 
GAL 3' ctgagcagcgtaatctg 
'(p11 46c P FA6a gcagaaaatcactg aaaagtggacacataagg actt 
c-term G FP 5' caaacggatccccggg aatt 
YpI 1 46c P FA6a caaccttttcatggaaacatatactgtaaaacaaaaaactg aattcg aagctcgtttaaac 
c-term GFP 3' 
YjlO 1 Oc P FA6a tataatgaag aaattatattag agctgcgatctgttacaactagtagcactgagCagCgtaa 
GAL5' tct 
YjlO 1 Oc P FA6a tctctgtttgtcttggtgtcttctgcctcttgttttagtctttCccatgCaCtgagCagCgtaatCtg 
GAL3' 
YJIO 1 Oc TAP 5' tactgtgaacgacgctgaaaccttcacgg aaaaaccacattattgttattgaacaaaagCt 
ggagctcat 
YjlO 1 Oc TAP 3' tctctgtttgtcttggtgtcttctgcctcttgttttagtctttcCcatCttatCgtCatCatcaagtg 
Sdo 1 P FA6a ctaggccgaacttaagtg atttcatgcagtagtaaaagttgaattcg agctcgtttaaac 
GAL 5' 
Sdo 1 PFA6a aatgaaacattagttaacttaatctgtcccg acg gttgattgataggcatgcactg agcagc 
GAL 3' gtaatctg 
17- Nop9 OR F 5' attaatacgactcactataggg ag agccaccatgggaaagactaaaacaag 
Nop9 OR F [T]attctataatttacatcagtacagtagtaacat 
3'UTR+ T40 
5'T7+ rD NA attaatacgactcactataggg ag agccaccatg aag aaatttaataattttga 
siteD 
3' Amp rDNA site ttgtattgaaacggttttaattgtcct 
A2 
5' R rp6z nat tag acg aaataggaacaacaaacagcttataagcacccaataagtgCgttCggatCCCC 
gggttaattaa 
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2.6 Radiolabelled compounds 
All radiolabelled compounds were purchased from Amersham (UK): [Y_12  P]ATP 
(6000CiImmol); [3H] Adenine (25CiImmol) and [35S] Methionine (1000Ci/mmol). 
2.7 Plasmids 
The plasmids used in this study are listed in Table 2.4. 
Table 2.4 Plasmids. 
Plasmid Description Reference 
Rpllle-GFP Centromeric 	plasmid (Stage-Zimmermann et al., 
encoding Rplll-eGFP for 2000) 
reporter assay 
pAde3 CEN-Ade3 
pF6A-KanMX6-pGAL1- Used as template for PCR (Longtine et al., 1998) 
3HA amplification 	of n-terminal 
KAN::GAL::3HA tag 
pFA6a eGFP-HIS Used as template for PCR (Longtine et al., 1998) 
amplification 	of eGFP 	c- 
terminal tag 
pFA6a NAT Used as template for PCR (Goldstein 	& 	McCusker, 
amplification 	of 	NAT 1999) 
deletion cassette. 
prDNA rDNA Prof. D. Tollervey 
ptRNA t-RNA Met Dr. J. Houseley 
2.8 Antibodies 
The antibodies used in this study are listed below in table 2.5 
Table 2.5 Antibodies 
Antibody Description Supplier/reference 
Peroxidase-anti- Rabbit lgG Sigma UK 
peroxidase 
(PAP)  
Anti-HA Rabbit lgG, primary Santa-Cruz 
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Anti-Nopi Mouse lgG, primary (Wu et al., 1998) 
Alexafluor 555 Goat, 	anti-mouse 	lgG Molecular probes 
secondary 
Alexafluor 488 Goat, 	anti-mouse 	lgG Molecular probes 
secondary 
2.9 Bacterial techniques 
2.9.1 Preparation of competent cells 
Cells were prepared for transformation using the Inoue method (Sambrook & Russell, 
2001). A single bacterial colony was grown in 25m1 of LB broth for 8 hrs at 37°C. This 
starter culture was used to inoculate 3X 250m1 of SOB media, the first was inoculated 
with lOmI, the second with 4m1 and the third with 2m1. Each flask was incubated on a 
shaking platform overnight at 22°C. The following morning the OD600  was measured, 
and the flask that had reached 0.55 was selected. The flask was transferred into a 
ice-water bath for 10 minutes. The cells were harvested by centrifugation at 2500g 
for 10 minutes at 4°C. The pellet was resuspended in 80m1 of ice-cold inoue 
transformation buffer (55mM MnCl 2.4H20, 15mM CaC12 .21­ 1 20, 250mM KCI, 10mM 
PIPES (pH6.7)). The cells were harvested by centrifugation at 2500g for 10 minutes. 
The cell pellet was resuspended in 20ml of cold Inoue transformation buffer and 
1.5m1 of DMSO was added. Cells were stored on ice for 10 minutes and then 
aliquoted into eppendorf tubes and snap-frozen in liquid nitrogen. Cells were stored 
at -80°C. 
2.9.2 Transformation of competent cells 
Approximately 500ng of plasmid DNA was added to 50tl of competent cells and 
incubated on ice for 30 minutes, followed by a 90 second heat shock at 42°C. 950tl 
of LB medium was added to transformation mix and incubated for 45 minutes at 
37°C. 100[d of transformation mix is spread on LB Amp plates, and incubated at 
37°C overnight. 
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2.10 Yeast techniques 
2.10.1 Transformation of yeast and selection 
Transformation of yeast is based upon a high efficiency lithium acetate method (Gietz 
& Woods, 2002). For each transformation approximately 2x1 07 cells of exponentially 
growing cells were harvested by centrifugation at 3000g, washed in water and 
pelleted. Carrier DNA (2mg/mi DNA from salmon testes, Sigma D1626, in TE, 10mM 
Tris-HC1, pH 8, 1 mM EDTA) was boiled for 5 minutes and chilled on ice while cells 
were harvested. Cells were resuspended in transformation mix (240p.l 50% 
PEG3500, 36d 1 M LiAc, 501.tI boiled ss-carrier DNA) and transforming DNA (approx 
100tg) is added. Transformation reactions were incubated at 42°C for 40 minutes. 
Following incubation, cells were pelleted by centrifugation, resuspended and plated 
onto selective medium followed by incubation at 25°C. 
2.11 Recombinant DNA techniques 
Standard recombinant DNA techniques were carried out, according to (Sambrook & 
Russell, 2001), including agarose gel electrophoresis, ethidium bromide staining, 
phenol chloroform extraction and alcohol precipitation. 
2.11.1 Restriction enzyme digests 
All restriction enzymes and molecular weight markers were obtained from New 
England Biolabs. Restriction digests were performed in total volumes of 20.tl, using 
approximately 1 g of DNA, in the appropriate restriction enzyme buffer (1X) and in 
the presence 1 00.g/ml of Bovine serum albumin (BSA). Restriction digests were 
incubated for 2 hrs at 37°C. Following digests piasmids were treated with calf 
intestine phosphatase (CIP) for 30 minutes at 37°C. 
2.11.2 Plasmid preparation 
Small scale preparation of plasmid DNA from E. co/i was performed using Qiagen 
miniprep kits. 
2.11.3 Automated DNA sequencing 
Sequencing reactions were performed using the BigDye terminator cycle sequencing 
ready reaction (ABI). A 1 0tl sequencing mix reaction contained 1 [Al of primer (1.6 
pmol/p.I) 41Al BIG Dye mix, 21Al of template DNA and 3p.l of water. The following 
sequencing program was run for 40 cycles: 
Step 1 96°C for 30 seconds 
Step 2 50°C for 15 seconds 
Step 3 60°C for 4 mm 
The sequencing samples were run by the SBS sequencing service, Ashworth 
Laboratories, University of Edinburgh 
2.11.4 Polymerase chain reaction 
PCR was used for amplification of cloning cassettes from plasmids, regions of the 
yeast genome for mobilisation of cassettes, amplification of DNA fragments and 
identification of recombinant clones. All applications followed the general protocol 
described below, or modifications upon it. 
Amplification of DNA to be used for cloning purposes utilised the high fidelity enzyme 
TaKaRa LA Taq. The typical composition of such a reaction mix, in a final volume of 
either 50p.l or 1001A1, is Primer 1 (0.2mM final concentration), Primer 2 (0.2mM final 
concentration), dNTP mixture (0.4mM of each dNTP, final concentration), 1 OX LA 
PCR Buffer 11(2.5mM final Mg 2 concentration), varying amounts of template DNA, 
and 0.05Units/mI of TakaRa Taq. The final volume is obtained by adding distilled 
water. A typical temperature profile is: 
Step 1. 94°C 1 minute 
Step2. 98°C 10 seconds 
Step3. 45-55°C 15 seconds (temperature dependent upon Tm  of primers) 
Step4. 68°C (1 minute per Kb to be amplified) 
Step5. Return to step 2 for a further 29 cycles 
Step6. 72°C 10 minutes 
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2.12 DNA techniques 
2.12.1 Preparation of total genomic yeast DNA 
5m1 of overnight yeast culture was harvested by centrifugation and washed in water. 
Cells were resuspended in 3001.d of spheroplasting solution (0.9M sorbitol, 0.1M 
EDTA, 50mM DTI) and 151.tl of Zymolase (15mg/mi) was added. Cells were 
incubated at 37°C for 30 minutes and then allowed to cool to room temperature. Cells 
were pelleted, resuspended in lysis buffer (50mMTris-HCI pH8, 50mM EDTA pH8, 
2% SDS) and incubated at 65°C for 5 minutes. Following incubation, 100.tl of 5M 
Potassium acetate (KOAc) was added and precipitated on ice for 5 minutes. The 
suspension was pelleted by centrifugation and the recovered supernatant was added 
to 300tl of 100% isopropanol. Genomic DNA was pelleted by centrifugation for 2 
minutes at 14000rpm. The DNA pellet was washed with 70% ethanol, allowed to dry 
and resuspended in sterile water. 
2.13 RNA Techniques 
2.13.1. RNA extraction 
RNA was extracted as described previously (Tollervey, 1987b). Approximately 20 
OD600 of exponentially growing cells (OD6 0.3-0.6) were harvested by centrifugation 
(3500rpm), washed in sterile water and pelleted. Cell pellets were stored at -80°C 
until RNA extractions were performed. In a 4°C cold room, 0.5m1 GTC mix (4M 
Guanidine Thiocyanate, 0.05M Tris pH8, 0.01M EDTA pH8, 2% Sarkosyl, 1% 
mercaptoethanol), 0.5m1 phenol and 1.5ml of glass beads were added to each frozen 
cell pellet. To disrupt cells, samples were vortexed for 5 minutes at full speed, 
followed by the addition of 7.5ml of GTC mix and 7.5m1 of Phenol. To denature RNA, 
samples were incubated for 10 minutes in a 65°C water bath, followed by 10 minutes 
incubation on ice. 4m1 of Sodium acetate (NaOAc) mix (0.1 M NaOAc pH 5.2, 1 mM 
EDTA pH8, 0.01 M Tris-HCI pH 8) and 7.5 ml of Chloroform-IAA (Chloroform::Isoamyl 
alcohol, 24::1) were added to mix, vortexed and spun at 4°C for 30 minutes at 
3000rpm. The aqueous upper phase was removed and combined with an equal 
volume of phenol::chloroform:IAA (25::24::1). This Phenol-chloroform—IAA step was 
carried out one more time. Finally, the aqueous phase was added to 20ml of 100% 
ethanol and precipitated for 2 hrs at -80°C. RNA was pelleted by centrifugation at 
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3000rpm (at 4°C) for 30 minutes. The pellet was washed in 70% ethanol, centrifuged, 
allowed to dry and resuspended in sterile water. A scaled down version of this 
protocol was used to extract RNA from fewer cells. 
2.13.2 Purification of polyadenylated RNA 
Purification of bulk polyadenylated RNA was performed using PolyA-Tract isolation 
system (Promega). 100 IAg of total RNA, purified according to the protocol in section 
2.12.1, was denatured and incubated with biotinylated-oligo(dT) probe. This was then 
incubated with streptavidin coated magnetic beads at room temperature. Following 
extensive washing with 0.1X SSC, the bound RNA (polyA) was eluted with distilled 
water by heating beads at 65°C. RNA was separated by electrophoresis and 
analysed by Northern hybridisation. 
2.13.3. RNA gel electrophoresis and Northern hybridisation 
Low molecular weight RNA species (smaller than 500 nucleotides) were separated 
on polyacrylamide gels and high molecular weight RNA species were separated on 
agarose gels, the techniques of which have been described previously (Sambrook & 
Russell, 2001). 
Low molecular weight gels had a final composition of 6% or 8% Bis-Acrylamide, 
1XTBE (90mM Tris base, 90mM Boric acid, 2mM EDTA) and 8.3M Urea. Gels were 
polymerised using ammonium persulphate (APS) and TEMED. Routinely, 4g of total 
RNA (1 part) was combined with 2 parts loading buffer (98% formamide, 10mM 
NaOH, 1 m EDTA pH 8, 0.025% Xylene cyanol, 0.025% Bromophenol blue), 
denatured at 65°C for 10 minutes, and cooled on ice prior to migration. Migration was 
performed in 1 X TBE and routinely carried out for 1 6Hrs at 60V. To visualise mature 
rRNA species, gels were stained with ethidium bromide (final concentration 
0.5mg/mi). RNA was transferred to Hybond N (Amersham) nylon transfer 
membrane, by wet electroblotting. Transfer was performed overnight at 5V. High 
molecular weight RNAs were subject to glyoxyl denaturation and resolved by 
electrophoresis through agarose gels. 4tg of total RNA (in a volume of between 1- 
2[d) was denatured with 10.d of glyoxyl reaction mix (60% DM50, 20% deionised 
glyoxyl, 1.2X BPTE (12mM PIPES, 30.6mM Bis-Tris, 1.2mM EDTA), 4.8% glycerol, 
0.2mg/mi of EtBr) and denatured for 1 hr at 55°C. Samples were cooled on ice for 10 
minutes prior to loading. Samples were resolved on a 1.2% agarose lx BPTE gel 
(10mM PIPES, free acid, 30mM Bis-Tris, free base, 1 m EDTA, pH 8), and migrated 
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in lx BPTE. Samples were migrated for approximately 16 hrs at 60V. Following 
migration the gel was prepared for passive transfer. RNAs were denatured in a wash 
of 75mM NaOH, followed by neutralisation in two consecutive washes with Tris-Salt 
(0.5M Tris-HCI, 1.5M NaCl). A final wash in 6XSSC is completed prior to passive 
capillary transfer to Hybond N (Amersham) nylon transfer membrane, in 6X SSC. 
Following transfer RNA is cross-linked to the solid support by UV cross-linking, using 
a stratalinker (stratagene). 
2.13.4 Hybridisation of Northern blots 
Oligonucleotides utilised for Northern blot analysis are shown in table 2.2. The 
membranes were hybridised with 5' end labelled oligonucleotides. Membranes were 
pre-hybridised at 37°C for 30 minutes in 6X SSPE, 5X Denhardt's reagent (0.1% 
Ficoll 400, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 0.5% SDS and 
10mg Herring sperm DNA. The oligonucleotide labelling reaction is composed of 1 X 
PNK buffer, 10mM OTT, lopmol of oligonucleotide, 1.4MBq of [?-32P]  ATP, and 10 
Units of T4 PNK (New England Biolabs). The labelling reaction was incubated at 
37°C for 30 minutes. Unincorporated [Y_32 P]ATP was removed using a syringe filter 
(0.20tm pore size). Membranes were hybridised with the labelled oligo at 37°C 
overnight. Membranes were washed twice at 37°C with 6XSSPE, and once at 42°C 
with 6XSSPE. Blots were wrapped in saran wrap and exposed to MS film (Kodak) 
with enhancer screen at -80°C. 
2.13.5 Primer extension analysis 
Oligonucleotides utilised for primer extension analysis are shown in table 2.2. Primer 
extension was carried out as previously described (Beltrame & Tollervey, 1992), with 
minor modifications. Oligonucleotides were end labelled as described in section 
2.13.4. The final volume was adjusted to 50.d with 150mM STET buffer (150mM 
NaCl, 10mM Tris-HCI pH8, 1mM EDTA pH 8). Unincorporated radiolabelled 
nucleotides were removed using mini quick spin oligo columns (Roche). The 
annealing reaction of labelled oligonucleotide to template requires 4.tg of total RNA, 
2tl of labelled oligo, 2tl of 5X SS Hybridisation buffer (1.5M NaCl, 50mM Tris-HCI 
pH7.5, 10mM EDTA pH8) in a final volume of 10.d. Annealing is achieved by 
incubating samples for 5 minutes at 85°C followed by 90 minutes at 46°C. The 
extension reaction involves addition of 40l of pre-heated 1.25X RT buffer (12.5mM 
Tris-HCI pH8.4, 12.5mM DTT, 7.5mM MgCl 2 , 1.25mM of each dATP, dCTP, dGTP, 
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dTTP) plus 20U of RNasin (Promega) and 5U of AMV Reverse transcriptase 
(Promega) and incubated for lhr at 46°C. To stop the AT reaction 3i.tl  of 1M NaOH 
and 1 tl of 0.5M EDTA was added and incubated at 55°C for 1 hr followed by addition 
of 6d of 1 M HCI to neutralise. To precipitate DNA 2g of Glycogen, 30iil of 7.5M 
Ammonium acetate (NH4Ac) and 250i.tl of 100% Ethanol was added to reaction mix 
and incubated on ice for 30 minutes. DNA was pelleted by centrifugation at 14000 
rpm for 5 minutes. The pellet was washed in 70% ethanol, allowed to dry and 
dissolved in 50 of formamide loading buffer diluted 1:1 with water. 2.tl Samples were 
denatured at 90°C for 2 minutes, and rested on ice prior to resolution on a 6% 
Acrylamide-Urea sequencing gel. 
2.13.6 Pulse chase analysis 
Metabolic labelling of pre-rRNA5 was based upon a method previously described 
(Tollervey et al., 1993) with minor modifications. Strains to be labelled were 
transformed with a plasmid expressing the ADE2 gene. Strains were pre-grown in 
galactose containing synthetic medium lacking adenine, followed by a shift to non-
permissive glucose containing synthetic medium lacking adenine. Following the shift 
to non-permissive conditions, cells with an OD 6w of 0.4 were labelled with 1 .23MBq 
of 8-3 H adenine per ml of culture. Pulse times varied depending on the length of 
chase required, normally 2 minutes for short chase times or 5 minutes if longer chase 
times are desired. Pulse labelling was followed by a chase with excess amount of 
cold adenine (final concentration 180mg/mI). lml samples were spun down, at the 
desired chase times and cell pellets were frozen in liquid nitrogen. RNA was 
extracted and ethanol precipitated, as described in section 2.13.1. Low molecular 
weight RNAs were separated on a 6% or 8% 8.3M Urea polyacrylamide gel, and high 
molecular weight RNA5 were glyoxyl denatured and resolved on a 1.2% Agarose 
1XBPTE gel, as described in section 2.13.3. Following transfer and cross-linking, 
described in section 2.13.3, membranes were exposed to MS film, using a LE 
enhancer screen, and stored at -80°C. 
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2.14 Epitope tagging of proteins and production of conditional 
alleles 
To construct GALl alleles of specific genes at their genomic locus a KAN MX6 
cassette was amplified from a plasmid pF6A-KanMX6-pGAL1-3HA (Longtine et at., 
1998) using primers containing complementary sequences 5' to the site of insertion 
in the promoter region and additional sequence to amplify from the plasmid. The 
amplified product was purified using a PCR clean-up kit (Qiagen) and transformed 
into yeast according to the method described in 2.10.1. Following one night of growth 
on either YPG or YPGRS plates, cells were transferred to YPG or YPGRS plates 
containing G418, to select for the insertion of the KAN MX6 containing cassette. 
Clones isolated were reselected and correct integration was confirmed by performing 
PCR on genomic DNA (see section 2.11). A similar procedure was used to generate 
C-terminal GFP and affinity tagged constructs, utilising different plasmid templates 
with different selection markers. 
2.15 Protein and immunological techniques 
2.15.1. Preparation of yeast extracts 
A similar extraction protocol was carried out for gradient analysis and affinity 
purification. The volume of culture used varied depending on the subsequent use and 
the protein to be analysed. Exponentially growing yeast cells (OD<1) were 
harvested by centrifugation, washed in sterile water and frozen dry in liquid Nitrogen. 
Cells were disrupted using a mortar and pestle and allowed to thaw in, approximately 
half the packed cell volume (PCV), of lysis buffer. The exact composition of lysis 
buffer is specific to the subsequent use of the lysate and the protein being 
characterised. The typical composition of the buffer was 10mM Tris pH8, 5mM 
MgCl2, 0.2% Triton X-100, 1mM DTT, 100mM NaCl, mini protease inhibitor cocktail 
tablet (1 tablet per lOml buffer) + 1 m PMSF, 5mM VRC and RNasin. Lysed cells 
were clarified by a 10 minute spin at 14000 rpm. The cleared supernatant was 
removed and stored in glycerol (final concentration of 5%) at -80°C. 
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2.15.2 Sucrose density gradient centrifugation 
For the isolation of ribosomes and ribosomal subunits under low salt conditions, 
sucrose gradient analysis was performed. Yeast extracts were performed as 
described in 2.15.1, but the composition of the lysis buffer was modified slightly 
(20mM Tris pH 7.5, 100mM NaCl, 5mM MgCl 2. OTT, protease inhibitors, VRC and 
RNasin used as in section 2.15.1). Clarified extract corresponding to approximately 
500 OD600 of cells, in a volume between 100-200i.&l, was loaded onto a 10%-50% 
sucrose gradient. Sucrose solutions were made up in 20mM Tris-HCI pH7.5, 100mM 
NaCI and 5mM MgCl2. Gradients were centrifuged for 12 hrs at 24,000 rpm using a 
Beckman SW40 Ti rotor. 500.tl fractions were collected, half of which was TCA-
precipitated and analysed by SDS-PAGE and Western blot analysis. RNA was 
extracted from 1 00tl of each gradient fraction, in a scaled down version of the 
method described in section 2.13.1. RNA was subsequently analysed by Northern 
hybridisation, described in section 2.13.3. 
2.15.3 Affinity purification 
TAP—tagged yeast proteins were precipitated using total rabbit lgGs and calmodulin-
binding protein immobilised on sepharose (Amersham)(Rigaut et al., 1999). Clarified 
cell extract was prepared as described in section 2.15.1. 500.d of 50 % suspension 
of rabbit lgG sepharose beads were washed three times in IP buffer (100mM NaCl, 
50mM Tris pH 7.4, and 0.1% NP-40) and then added to 5000 OD 600 equivalents of 
extract. Batch binding of tagged protein to lgG was carried out for 2 hrs at 4°C on a 
rotating-wheel. The lgG sepharose beads were washed three times with IP buffer 
containing protease inhibitors and two times with IP buffer lacking protease inhibitors. 
The beads were resuspended in 300tl of TEV digestion buffer (binding buffer + 1 mM 
OTT) and 100U recombinant TEV protease (Invitrogen) was added. Cleavage was 
carried out for 2 hrs at 18°C. For analysis of co-precipitated RNA5, RNA was 
extracted from the TEV eluate with the GTC-phenol/chloroform method described in 
section 2.13.1. RNA was precipitated in ethanol and used for Northern blots and 
primer extension analysis. 
For analysis of co-precipitated proteins, the TEV eluate was adjusted with CaCl 2 to 
2mM. 300.d of Calmodulin beads slurry was equilibrated with calmodulin binding 
buffer (binding buffer +2mM CaCl 2) and added to the adjusted TEV eluate. Binding 
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was carried out for 1.5 hrs at 4°C on a rotating wheel. The supernatant was 
discarded and the beads washed with 5m1 calmodulin binding buffer. The proteins 
were eluted from the beads by incubation with 500tl calmodulin elution buffer (20 
mM Tris-HCI pH 8.0, 50mM NaCl and 5 mM EGTA) at room temperature for 10 
minutes. The eluate was removed and precipitated in 10 % Tri-chloro acetic acid 
(TCA). The proteins were analysed by polyacrylamide gel electrophoresis, followed 
by western blot or silver staining. 
2.15.4 SDS-polyacrylamide gel electrophoresis 
Proteins were separated on polyacrylamide gels containing SDS as previously 
described (Laemmli, 1970). Samples were denatured in equal volumes of 2X protein 
loading buffer (125mM Tris-HCI pH 6.8, 200mM OTT, 4% SOS, 40% glycerol, 
0.025% bromophenol blue) and boiled at 100°C for five minutes prior to loading. 
Percent of acrylamide gel used is dependent upon the protein/s to be analysed. The 
typical composition of the resolving gel phase of a 10% SDS PAGE gel is 10% 
acrylamide mix, 0.38M Tris pH 8.8, 0.1% SDS, and polymerised using 0.1% APS and 
0.04% TEMED. 5% stacking gel (5% acrylamide mix, 130mM Tris-HCI pH 6.8, 0.1% 
SOS) was layered on top of the resolving gel. Gels were run in tris-glycine running 
buffer composed of 25mM Tris-base, 250mM glycine (pH8.3), and 0.1% SDS. 
Alternatively 4-12% bis-tris gradient gels purchased from Invitrogen, were run in lx 
MOPS buffer. The length of migration was dependent upon percent of acrylamide in 
the gel and the size of protein being analysed. 
2.15.5. Western blotting 
Following migration on SOS-PAGE gels, proteins were transferred to nitrocellulose 
membrane Hybond C+ (Amersham) using a semi-dry apparatus, in transfer buffer 
composed of 39mM glycine, 48mM Tris base, 0.037% SDS, and 20% methanol. 
Transfer was performed at 1 5OmA for 1-2 hrs, depending on the number of gels to be 
transferred. Following transfer the membrane was blocked at room temperature for 2 
hrs using 5% non-fat milk in 1XPBS (137mM NaCl, 2.7mM KCI, 10mM Na 2 HPO4 , 
2mM KH 2 PO4). Depending on the protein or protein conjugate to be detected, 
different antibodies, using differing dilutions were used to probe the blot. Typically, a 
1:3000 titre of primary antibody is used in lx PBS, containing 0.1% Tween 20, and 
incubated overnight at 4°C. Following incubation with the primary antibody the blot is 
washed 3X in PBS-Tween and incubated with the appropriate secondary antibody. 
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Typically a titre of 1:5000 of the secondary antibody was used in PBS-Tween and 
incubated at room temperature for 1 hr. Following incubation, blots are thoroughly 
washed for 1 hr in PBS-Tween and proteins were detected using chemiluminescent 
ECL (Amersham). Blots were subsequently exposed to Hyperfilm ECL (Amersham). 
2.15.6 Silver staining 
Protein gels were fixed overnight in 50% Methanol and 12% Acetic acid. Following 
fixation the gel was washed once in 50% ethanol and once in 30% ethanol to remove 
acetic acid. The gel was then treated with 0.8mM thiosulphate for 1 minute and 
washed extensively with water to ensure that only traces of thiosuiphate remained. 
The gel was subsequently impregnated with 2g/l of AgNO 3 and 0.026% formaldehyde 
for 20 minutes, followed by extensive washing with water. The gel was developed 
with 60g/l of Na2CO3, 0.0185% formaldehyde, 16.tM Na 2S203 . The developing 
process was stopped with 50% methanol, 12% Acetic acid. 
2.16 RNA solution binding assays 
2.16.1 In vitro transcription and translation 
For RNA binding assays ["S]-L-methionine-Nop9 was expressed in vitro from a PCR 
generated template using a Quick PCR T7 TnT kit (Promega). The TnT reaction was 
performed according to manufacturers instructions. Production of Biotinylated 
tRNA' and pre-rRNA was generated by in vitro transcription. The rDNA template, 
stretching from D-A2, was amplified from prDNA, using a 5' oligonucleotide 
containing a T7 promoter sequence. The tRNArneI was transcribed from the Hindlil 
linearised pGEM tRNA 1 plasmid. A typical in vitro transcription reaction was 
composed of 1 pg template DNA, 1 mM ATP, GTP and CTP, 0.65mM UTP 0.35mM 
Biotin-16-UTP, 1X 17 buffer, 20U RNasin, 40U T7 RNA polymerase. Samples were 
incubated for 2 hrs at 37°C. The reaction was stopped by heating samples to 65°C. 
To remove DNA template, samples were treated with RNase free DNase, for 30 
minutes at 37°C. This reaction was stopped by the addition of EDTA (20mM). 
Samples were precipitated with Ammonium acetate and ethanol to remove the 
unincorporated NTPs. 
M. 
2.16.2 RNA solution binding assays. 
Binding of [ 35S]-Nop9 to homopolymeric nucleotides polyA and polyU was assessed 
using polyA sepharose, polyU sepharose and protA sepharose as a control. 25mg of 
each homopolymeric nucleotide was hydrated in TmnO (10mM Tris pH7.6, 5mM 
MgCl2, 0.1% NP40). These were resuspended to give a final concentration of beads 
of 25mg/mi. 1001.d of each homopolymeric nucleotide per binding reaction was 
equilibrated in Tmn25 (10mM Tris pH7.6, 5mM MgCl 2, 0.1% NP40, 25mM NaCl) 
buffer and resuspended in a final volume of 200iJ of Tmn25. 2.5.tl of Nop9 [35S], from 
the TnT reaction was incubated with beads for 1 hr at 4°C. The unbound fraction was 
removed and precipitated in five volumes of acetone, overnight at 4°C. The 
precipitated pellet was washed with ethanol, dried in a speed-vac and resuspended 
in lx SIDS loading buffer. The beads, containing the bound fraction, were washed 
twice with Tmn25 and subsequently boiled for 10 minutes in 1XSDS loading buffer. 
Binding assays utilizing biotinylated RNA, were performed in a similar manner. 1 .tg of 
each biotinylated RNA (0-A 2 fragment and tRNA t) were incubated with the 
equivalent of lOOi.tl streptavidin bound sepharose (equilibrated in Tmn25) in a final 
volume of 200tl of Tmn25. Binding of RNA to the beads was carried out at 4°C for 2 
hrs. Beads were washed twice with binding buffer (20mM HEPES pH 6.8, 150mM 
KOAc, 2mM MgCl2, 0.1% Tween, 1% BSA and 2mM DTT) and resuspended in 200l 
of binding buffer. Beads were incubated with 1.d of [35S]-Nop9 for 1 hr at 4°C. 
Unbound fraction was removed and precipitated in acetone as described above. 
Beads were boiled in lx SIDS LB for 10 minutes. Equivalent amounts of protein 
recovered from bound, unbound and total fractions were separated by SDS-PAGE on 
a 4-12% Bis-tris gel. Following migration, the gel was dried and protein was 
visualized by autoradiography. 
2.17 Heterokaryon Assay 
Heterokaryon assays were modified from a method previously described (Peng & 
Hopper, 2000). Mating was initiated by concentrating an equal number of Nop53-
GFP cells and karl-i (provided by M. Rose, Princeton University) cells on a 25-mm 
nitrocellulose filter with 0.45.tm pore size and incubated at 25°C on YPD plates. Cells 
were removed from the membrane and fixed following 1-3 hrs of incubation, at 30mm 
intervals. To analyse the GFP-tagged protein, cells were resuspended and fixed in 
4% paraformaldehyde for 5 minutes. Fixed cells were plated on polylysine-coated 
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coverslips and washed in 1 XPBS. Coversiips were mounted onto slides vectashield 
containing DAPI. 
2.18 Immunofluorescence and microscopy 
2.18.1. Visualisation of fluorescently tagged proteins 
Exponentially growing cells were fixed in paraformaldehyde (final concentration 4%) 
at room temperature for 5 minutes. Cells were centrifuged at 3000rpm, washed with 
sorbitol buffer (83.4mM K 2 HPO4, 16.6mM KH 2 PO4 , 1.2M sorbitol) and re-pelleted. For 
fluorescently tagged proteins cells were plated directly on to polylysine coated cover 
slips, and allowed to adhere. Cells were washed in 1XPBS multiple times and 
mounted in DAPI containing vectashield (Vector Laboratories). 
2.18.2 Immuno fluorescence 
For immunofluorescence, cells were permeablised in spheroplast buffer (83.4mM 
K2HPO4, 16.6mM KH 2PO4, 1.2M Sorbitol, 0.2mM PMSF, 28mM 3ME, 0.1mg/mi 
Zymolase) for approx. 9 minutes. Cells were washed in sorbitol buffer and 
subsequently plated onto polylysine-coated coverslips. Cells were blocked for 2 hrs 
with 5% non-fat milk in PBS, at room temperature. Excess milk was washed off with 
1 XPBS. Coverslips were incubated with the primary antibody (allopl p antibody was 
used at 1:500 titre in 1X PBS, 0.1% tween) overnight in a humid chamber at 4°C, with 
the cells facing down, to avoid evaporation. Cells were washed 3X in 1XPBS. 
Alexafluor conjugated secondary antibodies (Molecular Probes) were used to detect 
primary antibodies. Coversiips were incubated in a 1:200 dilution of secondary 
antibodies in 1 XPBS for 1 hr at room temperature. Cells were extensively washed 
with 1XPBS, 0.1%Tween and mounted on slides in vectashield, containing DAPI. 
2.18.3 RNA fluorescent in-situ hybridisation (FISH) 
Cells were fixed and permeabilised as described above for immunofluorescence. 
Following adhesion of cells to poly-lysine coated coverslips, cells were dehydrated in 
70% ethanol overnight at -20°C. Cells were re-hydrated in 2xSSC, dried and 
incubated with the fluorescently labelled oligonucleotide probe in hybridisation buffer 
(10% formamide, lOng of labelled probe, 2XSSC, 0.5tg/d e co/i tRNA, 10% Dextran 
Sulphate, 50ng/d BSA and 10mM VRC) in a humid chamber for 6 hrs at 37°C. 
Otigonucleotide probes containing aminomodified deoxythymidi ne residues (amino- 
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C6-dT) were labelled with ULS Cy-3 kit (Amersham). The sequences of the probes 
used are ITS 1 TT*GCACAGAAATCTCT*CACCGTTTGGAAT*AG CAAGAAAG AAAC 
T*TACAAGCT*T and ITS2AT*AGGCCAGCAATTTCAAGTT*AACTCCAAAGAGTAT 
cACrC, where T*  represents amino-C6-dT (see Fig. 2.1 for position of probes). 
Following hybridisation, coverslips were washed multiple times at aiierent 
stringencies (2 X with 10% formamide, 2XSSC at 37°C, 1X with 2XSSC, 0.1% triton 
at R/T, 2X with 1 XSSC at R/T and 1 X with 1 XPBS at Air). Immunofluorescence was 
performed, following FISH, as described in the previous section. 
2.18.4 Fluorescence microscopy 
Cells were examined using a Leica DMR fluorescence microscope or the DeltaVision 
AT Restoration Imaging System using the Olympus 1X70 inverted microscope. 
Images from both microscopes were captured using a coolsnap CCD camera. Data 
captured using the DeltaVision system were subjected to real-time 2D deconvolution 
algorithms. Images were assembled using image J software. 
2.19 Database searches 
To identify putative ribosome synthesis factors a number of databases were used to 
provide information on physical and genetic interactions, localisation, expression 
patterns, and sequence analysis. The web addresses are provided below in Table 
2.6. 
Table 2.6 Databases 
Web site Description 
http://www.yeastgenome.org/ database of the 	molecular biology and 
genetics of the yeast S. cerevisiae 
http://www.thebiogrid.org/ Database of interaction datasets 
http://yeastgfp.ucsf.edu/ global 	analysis 	of 	protein 	localization 
studies in the budding yeast, S. cerevisiae 
https://www.proteome.com/ Proteome bioknowledge library 
http://us.expasy.org/prosite/  Database of protein families and domains 
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Chapter Three 
Nop53p is required for late pre-60S ribosome subunit maturation 
and nuclear export in yeast 
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3.1 Introduction 
YpIl46cp/Nop53p (NucleQlar Protein) was first identified as a factor co-purifying with 
components of the nuclear pore complex (Rout et al., 2000), as were many other 
late-acting ribosome synthesis factors. Nop53p was subsequently purified as a 
component of a number of late pre-60S particles, covering a broad spatial and 
temporal range, including those defined by Cicip, Nugip, lpi2p, Sdalp, Arxlp and 
Nogi p (BaBler et al., 2001; Saveanu et al., 2001; Nissan et al., 2002). The early 
Cicip-associated complex is localized to the nucleolar compartment, the Nuglp 
complex is enriched in both the nucleolus and the nucleoplasm while the later 
complexes defined by lpi2p and Sdalp are confined to the nucleoplasm. The most 
mature complex containing Nop53p, the Arxl p-associated particle, localizes to both 
the nucleoplasm and cytoplasm. In addition, Nop53p was found to associate with 
Trt4p (Ho et al., 2002), a protein that has been implicated in the surveillance of pre-
rRNA. Together these observations suggested a role for Nop53p in the biogenesis of 
ribosomal subunits and a potential role in the surveillance of this process. 
Additionally the finding that Nop53p interacts with components of the nuclear pore 
complex hints at a role in the export of ribosomal subunits. 
3.2 Nop53p encodes a conserved protein with unusual amino-acid 
composition. 
Analysis of the N0P53 OAF showed it to encode a conserved 52.5kDa protein, the 
human homologue, GLTSCA2, is a predicted glioma tumour suppressor (Smith et al., 
2000). The protein has an unusual composition: Nop53p has 43% charged (DEHKR) 
residues (database average is 25%) and 39% hydrophobic (ACFGHILMTVWY) 
(database average is 57%). The protein is predicted to be largely alpha-helical, with a 
strong predicted coiled-coil domain between residues 326-360. It is hypothesised to 
form homo- or heterodimers of the leucine-zipper type, since it has three leucine 
residues in this region with perfect heptad separation (M. Diakic, pers. comm.). 
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3.3 Nop53p associates with pre-60S particles 
The presence of Nop53p in affinity purified pre-ribosomal particles suggested that it 
may be a component of pre-60S particles. To confirm this association with pre-
ribosomal particles, a C-terminal fusion between N0P53 and a TAP tag at the 
genomic locus was used (Ghaernmaghami et al., 2003), expression of which 
remained under the control of the endogenous promoter. Growth of the tagged strain 
was indistinguishable from the otherwise isogenic wild-type indicating that the fusion 
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Figure 3.1: Nop53p co-sediments with pre-60S ribosomes. Cell lysate from a strain 
expressing Nop53-TAP was loaded on to a 10%-50% sucrose gradient. (A) Western blotting 
using peroxidase anti-peroxidase (PAP) that recognizes the protein-A region of Nop53-TAP. 
(B) Northern hybridization with probe 006 against the 27SA/27SB pre-rANA components of 
pre-60S ribosomes. (C) Northern hybridization with probe 004 against the 20S pre-rRNA 
component of pre-40S ribosomes. The positions of sedimentation of mature pre-40S, pre-60S 
and 80S ribosomes are indicated. Fraction numbers are indicated, where 1 is the top gradient 
fraction and P is the pellet. 
Co-sedimentation of Nop53-TAP with pre-ribosomal particles was tested by 
fractionation of a cell lysate on a 10%-50% sucrose gradient. Western blot analysis of 
gradient fractions showed that Nop53-TAP, detected using PAP antibody sediments 
in two broad peaks (Fig. 3.1A). Northern hybridization revealed that the lower peak of 
Nop53-TAP co-sediments with 27S pre-rANA species, consistent with its association 
with pre-60S particles (Fig. 3.1 A+B). The slower sedimenting Nop53-TAP fraction 
may correspond to the free protein plus smaller complexes of ribosome synthesis 
factors. Similar sized non-ribosomal complexes have been reported for several other 
ribosome synthesis factors (Fatica et al., 2002; Dez et al., 2004; Horsey et al., 2004). 
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3.4 Cells depleted of Nop53p are defective in rANA processing of 
60S precursors 
3.4.1 Characterisation of a conditionally expressed allele of Nop53p 
The YPL146c/N0P53 OAF was reported to be essential in systematic deletion 
analyses (Winzeler et al., 1999). To characterize the role of Nop53p in ribosome 
synthesis, an N-terminal 3HA-nop53 fusion, under the control of the glucose 
repressible GALl promoter, was constructed by one-step PCR, in a BMA38 WT 
background (Longtine et al., 1998). On galactose containing complete medium the 
growth rates of the GAL::3HA-nop53 strain and an otherwise isogenic wild-type were 
identical showing the HA-tagged protein to be functional (Fig. 3.2A). However, 
following transfer to glucose medium growth of the GAL::3HA-nop53 strain slowed 
progressively after 3 hrs (Fig. 3.213). Even 24 hrs after transfer to glucose medium, 
residual growth was observed for the GAL::3HA-nop53 strain (12 hrs doubling time) 
(Fig. 3.2C). Western blot analysis shows that the abundance of 3HA-Nop53p is 
strongly reduced after only 1 hr on glucose media (Fig. 3.20). It is possible that the N-
terminal 3HA tag destabilizes the protein, leading to its rapid turnover. Growth of the 
GAL:.3HA-nop53 strain was retarded on semi-permissive YPGRS medium (1% 
yeast extract, 2% bacto-peptone, 2% galactose, 2% raffinose, 2% sucrose), which 
reduces the level of expression compared to that of WT (Fig. 3.2A). The apparently 
normal growth of the GAL:.3HA-nop53 strain on galactose may therefore be due to 
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Figure 3.2: Depletion of 3HA-Nop53p rapidly inhibits cell growth. (A) Growth rate of the 
BMA38 wild-type and GAL::3HA-nop53 strains were compared in medium containing 
galactose (YPG) or galactose and sucrose (YPGS). WT grown in 2% galactose (blue), WT 
grown in 2% galactose, 2% sucrose (red) GAL::3HA-nop53 grown in 2% galactose (orange) 
and GAL::3HA-nop53 grown in 2% galactose, 2% sucrose (green). (B&C) Growth rate of wild-
type and GAL::3HA-nop53 strains following a transfer from permissive galactose medium to 
non-permissive glucose medium for the times indicated. (B) WT (blue) and GAL::3HA-nop53 
clone 2 (pink) shifted to YPD for 8 hrs. (C) WI (yellow) and two independently isolated clones 
of GAL::31-!A-nop53 (clone 2 pink, and clone 1 blue) were shifted to YPD for 24 hrs. Cells 
were maintained in exponential growth throughout all time courses by addition of pre-warmed 
medium. (D) Western analysis of 3HA-Nop53p depletion. 3HA-Nop53p was decorated with 
rabbit anti-HA primary antibody, which was subsequently detected using anti-rabbit lgG linked 
to horseradish peroxidase. Samples collected for western analysis were collected during the 
depletion shown in B. 
3.4.2 Synthesis of 25S and 5.88 rRNA is delayed in Nop53p depleted cells 
Metabolic labelling is used to study the kinetics of pre-rRNA processing, and enables 
the fate of newly transcribed pre-rRNAs to be analysed. In order to study the fate of a 
small sub-population of pre-rRNAs, cells are briefly labelled with tritiated adenine, 
followed by a chase period with a large excess of unlabeled nucleotide. There are 
large differences in the relative abundances of different pre-rRNA species, reflecting 
the relative life-times of species in the cell. Most processing intermediates are 
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relatively abundant, with the exception of the early precursors 35S, 33S, 32S, and 
26S, which are rapidly processed. 
Ribosome synthesis in the Nop53p-depleted strain and equivalent wild-type, which 
are prototrophic for adenine, was assessed by pulse-chase labelling with [8- 3H] 
adenine 1 h after shifting from SG-Ade to SD-Ade, in order to deplete Nop53p (Fig. 
3.3). Following 2 minutes of pulse labelling with tritiated adenine, an excess of 
unlabelled adenine was added to the culture. The chase times indicated in Fig. 3.3 
correspond to the time after the addition of cold adenine + 1 minute (the time taken to 
process the sample). For the Nop53p-depleted strain, [3H] adenine incorporation into 
pre-rRNA was reduced approximately 3 fold (estimated from the relative exposures 
required to give approximately equal signals for the wild-type and Nop53p-depleted 
samples). Analysis of the high molecular weight RNA5 (Fig. 3.3 A panel a+b) 
revealed that maturation of the 35S primary transcript and 32S pre-rRNA were mildly 
delayed, as shown by their persistence in later time points in the depleted strain and 
increased abundance relative to the 27S and 20S pre-rRNA compared to the wild-
type. Consistent with this, the appearance of the 27SA, 27SB and 20S pre-rRNA5 
also showed some delay. The most striking phenotype was the almost complete loss 
of synthesis of the mature 25S rRNA, whereas 18S synthesis continued. Analysis of 
low molecular weight RNA5 (Fig. 3.3 B panel a+b) showed that the synthesis of the 
mature 5.8S rRNA was also greatly inhibited, whereas the independently transcribed 
5S rRNA was much less affected. Notably, accumulation of the 7S pre-rRNA was 
similar in the Nop53p-depleted and wild-type cells. Relative to the wild-type, the level 
of the 7S pre-rRNA is substantially higher than that of the 27SB pre-rRNA, its 
immediate precursors. An experiment with longer pulse (5 minutes) and chase times 
(0,5,10,20,40,60 and 90 minutes) showed that the accumulated 7S pre-rRNA species 
persists over a long period, with very low levels of mature 5.8S rRNA being 
synthesized (Fig. 3.3C). 
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Figure 3.3: Depletion of Nop53p inhibits pre-rRNA processing. Wild-type and GAL::3HA-
nop53 strains were transferred to glucose containing medium without adenine (SD-Ade) for 1 
hr and then pulse labelled with [8- 3H] adenine for 2 mm (A and B) or 5 mm (C), followed by a 
chase with a large excess of cold adenine for the times indicated. (A) High molecular weight 
RNA was glyoxyl denatured and resolved on a 1.2% agarose gel. (B&C) Low molecular 
weight RNA was separated on a 6% polyacrylamide/8.31VI Urea gel. In A and B, panel (a) 
shows the same exposure for the wild-type and GAL:.3HA-nop53 samples, while panel (b) 
shows a 3-fold longer exposure of the GAL::3HA-nop53 samples. In C, the exposure shown 




3.4.3. Nop53p is required for pre-rRNA processing 
To examine steady-state levels of precursor and mature rRNAs throughout the 
depletion of 3HA-Nop53p, total RNA was extracted and subjected to Northern 
hybridization and primer extension analysis. Total RNA was extracted during growth 
on galactose medium and at time points following transfer to glucose medium. 
Northern analysis requires electrophoresis of total RNA and subsequent transfer and 
immobilisation onto nylon membrane. Specific precursor and mature rRNA species 
can be identified through hybridisation of a series of 5' labelled oligonucleotide 
probes to different regions of the mature or pre-rRNA species. Levels of mature and 
precursor species can be directly compared at different time points through the 
depletion and also be compared to those of wild-type levels. Several pre-rRNA 
species (including 27SA 3 , 27SB1L+S, and 25S') are not easy to analyse by Northern 
hybridization techniques due to a low abundance and/or problems of size resolution 
in electrophoresis. To examine such species, primer extension analysis was 
performed. 5' labelled oligonucleotides hybridise to a region within pre-rRNA species, 
and are extended by reverse transcriptase (RT), which terminates at the 5' ends of 
the pre-rRNA species. This produces distinct cDNAs, the length of which 
corresponds to the 5' end of each pre-rRNA. 
Consistent with the pulse-chase data, depletion of Nop53p led to modest 
accumulation of the 35S and 32S pre-rRNA5 (Fig. 3.4 A panel a). This was combined 
with the appearance of a low level of the aberrant 23S rRNA species, which is 
generated when cleavage at site A3 precedes cleavage at sites A0, A 1 and A2 (Fig. 
3.4 A panel d). These early cleavage steps are essential for the formation of the 20S 
pre-rRNA and the mature 18S rRNA component of the 40S ribosome. There was, 
however, little alteration in the levels of 20S pre-rRNA or 18S rRNA (Fig. 3.4 A panel 
d+e). A delay in these early cleavage steps is a common phenotype when factors 
required for 60S synthesis are depleted, probably due to indirect effects (reviewed in 
Venema and Tollervey, 1999). Mild increases were seen in the levels of the 27SA 2 
and 27SB pre-rRNA5 (Fig. 3.4 A panel a+b), but the 7S pre-rRNA accumulated much 
more dramatically (Fig. 3.4 B panel a). RNAs analysed from cells subject to longer 
courses of depletion (Fig. 3.4 C panel a), show the level of 7S and the other 
precursors to 5.8S accumulate substantially over time. This suggests that the 
precursors that accumulate on depletion of Nop53p are stabilized and not subject to 
rapid degradation. 
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Figure 3.4: Nop53p is required for pre-rRNA processingTotal RNA was extracted during 
growth on galactose medium (Oh time points) and at intervals following transfer to glucose 
media. The same RNA preparations were used in each analysis except C. (A) Northern 
analyses of high molecular weight RNA species resolved on a 1.2% agarose gel following 
glyoxyl denaturation. (B&C) Northern analyses of low molecular weight RNA species from 
short (B) and long (C) depletion time courses resolved on a 6% polyacrylamide/8.3M urea gel. 
4ig of total RNA was used in Northern analyses. Hybridization probes are indicated on the 
left in parenthesis. (0) Primer extension analysis utilizing an oligonucleotide that hybridized 
within the mature 25S rANA, 40nt from the 5' end (oligo 007). Pre-rRNA processing sites are 
indicated, with the corresponding pre-rRNA species indicated in brackets. Panel D a, b and c 
are taken from the same gel, but with different exposure times: (a) 16h (b) 40h and (c) 6h. 
Three forms of 3' extended 5.8S rRNA precursors are detected in wild-type cells. The 
7S pre-rRNA is extended to the C2  cleavage site within ITS2, while the 5.8S+30 and 
6S pre-rRNAs represent intermediates in the 3' maturation of 7S pre-rRNA to mature 
5.8S rRNA. The increase in 7S levels was combined with a modest accumulation of 





a). This pattern indicates that 3' processing of the 7S pre-rRNA by the exosome 
complex is inhibited, as is subsequent processing of 5.8S+30, which specifically 
requires the Rrp6p component of the nuclear exosome (Briggs et al., 1998; Allmang 
et al., 1999a). Short and long forms are detected for the mature 5.8S rRNA and its 
precursors, due to 5' end heterogeneity that results from the use of alternative 
processing pathways in ITS 1. The ratios of long to short forms were unaltered during 
depletion of Nop53p (Fig. 3.4 B panel b). Little alteration was seen in the levels of the 
mature rRNA5 (Fig. 3.4 A panel c+e and 3.4 B panel b+c) during the time course 
analysed, but these RNAs are stable and are depleted only slowly by growth. 
Primer extension analyses were performed using oligonucleotide 007, which 
hybridizes within the 25S region of the pre-rRNA. Consistent with the Northern 
hybridization data, mild increases in the primer-extension stops at sites 275A 2 and 
27SB1L+S were seen in the Nop53p-depleted strain, reflecting accumulation of the 
27SA2 and 27SB pre-rANA5 (Fig. 3.4 D panel a). The 27SA 3 pre-rRNA, which cannot 
be readily detected in Northern analyses, was accumulated in the Nop53p-depleted 
strain, as shown by the stop site at A. (Fig. 3.4 D panel a). Its level was, however, 
significantly lower than those of the 27SA2 or 27SB pre-rRNA5, indicating that the 
delay in its maturation is modest. Pre-rRNA cleavage at site C 2 generates both the 
7S and the 26S pre-rRNA species. A moderate accumulation of 26S pre-rRNA (Fig. 
3.4 D panel b) was seen following depletion of Nop53p, together with the 
accumulation of a shorter 5' extended 25S (25S') species identified by the C 1 ' stop 
(Fig. 3.4 D panel C). These observations show the inhibition of 5'-3' exonuclease 
processing during the final stages of 25S maturation. In Figure 3.413 the exposure 
shown for the C 2 stop (Fig. 3.4 0 panel b) is 6.5 fold longer than for C l ' (Fig. 3.4 D 
panel C), indicating that the amount of accumulated 25S' pre-rRNA was substantially 
greater than 26S pre-rRNA. 
The 25S' pre-rRNA, which is 5' extended by -6 nt relative to the mature 25S rRNA, 
was previously shown to be associated with late, nucleoplasmic pre-60S complexes 
(Gadal et al., 2002; Saveanu et al., 2003). It seems plausible that the accumulated 
7S seen in Nop53p-depleted strains is associated with late pre-ribosomes that also 
contain the 25S' pre-rRNA. 
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3.4.4. 7S and 25S' accumulate in the same pre-ribosomal particles 
To ascertain if the 25S' and the 7S pre-rRNA species are found in the same 
precursor particles, gradient analysis was performed using cell extracts from the 
GAL::3HA-nop53 strain grown under permissive and non-permissive conditions. RNA 
was extracted from fractions 10-20 (the bottom half of the gradient), and subject to 
Northern hybridisation and primer extension analysis to identify the sedimentation 
pattern of the 7S and the 25S' pre-rRNA species. The panels shown in Figure 3.5 A 
panel b and B panel b are not equivalent exposures since there is very little 25S' pre-
rANA present under permissive conditions. By comparing the gradient profiles under 
permissive and non-permissive conditions the peaks of sedimentation of both 7S and 
25S' pre-rRNA appear to shift and broaden (Fig. 3.5A+B) on depletion of Nop53p. 
However, the 25S' and 7S pre-rRNA species co-sediment with each other, strongly 
suggesting that they accumulate together in pre-ribosomal particles. These may 
represent particles that are stalled in the processing pathway and that are unable to 
be further processed. This raises the possibility that such defective particles may be 
retained in the nucleus and not exported to the cytoplasm. 
Figure 3.5: 7S and 25$' co-
sediment In Nop53p depleted 
cells Total cellular extracts were 
prepared from GAL:.3HA-nop53 
cells grown in permissive 
(YPGaI) medium (A) and cells 
shifted to non-permissive(YPD) 
containing medium (B). Extracts 
were loaded on 10-50% sucrose 
gradients. Fractions were 
collected and total RNA was 
extracted from the 11 heaviest 
fractions of each gradient 10-
20). RNA from each fraction was 
subject to Northern analysis, 
using oligo 020 (Aa and Ba) that 
recognizes 7S pre-rANA, and 
primer extension analysis, 
utilising the 007 oligo, to analyse 
the 25S' pre-rRNA (Ab and Bb). 
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3.5 Nop53p is a nuclear protein required for nuclear export of the 
large ribosomal subunit 
3.5.1. Nop53p localises to the nucleoplasm and nucleolus 
To determine the localization of Nop53p, a construct expressing a C-terminal GFP 
fusion protein was integrated at the endogenous locus using a PCR-based strategy 
(Longtine et al., 1998). The nucleolus was identified in fixed cells by indirect 
immunofluorescence using a mouse anti-Nopip antibody (Wu et al., 1998) and a 
goat anti-mouse alexafluor-555 conjugated secondary antibody. The nucleoplasm 
was visualized with DAPI. Nop53-GFP localized to both the nucleolus and the 
nucleoplasm (Fig. 3.6A). Additionally, a halo of GFP appeared around the DAPI and 
Nopip signals, possibly corresponding to the nuclear envelope and/or nuclear pore 
complexes. It was previously reported that Nop53p interacts with components of the 
nuclear pore complex (Rout et al., 2000). The pattern of Nop53-GFP localization is 
consistent with association with late pre-60S particles. 
3.5.2 Nop53p does not shuttle between nucleus and cytoplasm 
To ascertain whether Nop53p accompanies pre-60S particles from the nucleus 
through the NPC to the cytoplasm, a heterokaryon assay was performed. A strain 
expressing Nop53-GFP was crossed with a karl-i strain, in which mating and cell 
conjugation is not followed by nuclear fusion, leading to heterokaryon formation 
(Vallen et al., 1992). Nop53-GFP was localized to only one of the two nuclei in each 
heterokaryon (Fig. 3.6 B panel a), indicating that the protein does not actively shuttle 
between the nucleus and the cytoplasm. The characterized nucleo-cytoplasmic 
shuttling protein Rrpl2-GFP was found in both nuclei of the heterokaryon (Fig. 3.6 B 
panel c), while the non-shuttling nucleolar protein Garl-GFP was restricted to a 
single nucleus (Fig. 3.6 B panel b) (Oeffinger et al., 2004). This result suggests that 
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Figure 3.6: Nop53p is restricted to the nucleolus and nucleoplasrn(A) Nop53-GFP 
localizes to both the nucleolus and nucleoplasm. The nucleolus was visualized using an anti-
Nopip antibody (Wu et al., 1998), which was subsequently recognized by an Alexafluor 
conjugated secondary antibody. The nucleoplasm was visualized by DAPI staining. (B) 
Nop53p does not shuttle from the nucleus to the cytoplasm. Strains expressing Nop53-GFP 
Garl-GFP or Rrpl2-GFP were grown in YPD media, mated with a karl-i mutant strain and 
incubated at 25°C until heterokaryons formed. Localization of the GFP-tagged proteins in 
heterokaryotic cells is shown for a) Nop53-GFP, b) Garl-GFP, and C) Rrpl2-GFP. Cells are 
shown with DAPI stained nucleoplasm. GFP and DAPI signals are also shown merged with 
DIC brightfield images. The pairs of arrows indicate the positions of both nuclei in the 
heterokaryons. 
3.5.3 Nop53p depleted cells accumulate pre-60S particles in the nucleus 
To determine whether Nop53p is required for nuclear export of the large ribosomal 
subunit, the localization of the 60S reporter construct Rpll 1 b-eGFP (Stage-
Zimmermann et al., 2000) was analyzed in wild-type and GAL:.3HA-nop53 strains. 
Under permissive conditions, Rplllb-eGFP was found throughout the cell in both 
wild-type and mutant strains (Figs. 3.7 A panel a+c). Following a shift to non-
permissive glucose media for 2 hrs, nuclear accumulation of the Rpll 1 b-eGFP signal 
was visible in the GAL::3HA-nop53 strain (Fig. 3.7 A panel d), and by 4 hrs the 
accumulation was substantial (Fig. 3.7 A panel e). Nuclear accumulation of Rplllp-
GFP was observed in both the nucleoplasm (shown by the DAPI-stained region) and 
in the nucleolus (decorated by antibodies against the nucleolar marker Nopi p) (Fig. 
3.7 B panel b). 
3.6 Pre-rRNAs that accumulate in the absence of Nop53p are not 
polyadenylated 
The majority of characterized yeast ribosome synthesis factors fail to synthesize one 
or more mature rRNA species when depleted. However, such mutants generally 
accumulate only low levels of pre-rRNA indicating that surveillance of pre-ribosomes 
and degradation of pre-rRNA5 is very active in yeast. Pre-rRNAs trapped within 
aberrant pre-ribosomal particles are known to be substrates for degradation by the 
nuclear exosome (Allmang et al., 2000; LaCava et al., 2005). More recently it has 
been shown that the TRAMP complex is responsible for polyadenylation of pre-rRNA 
substrates and targeting them for exosome mediated degradation (LaCava et at., 
2005; Vanacova et al., 2005; Dez et al., 2006). 
Nop53p appears unusual amongst yeast ribosome synthesis and export factors since 
its depletion results in a dramatic accumulation of the 7S pre-rRNA, suggesting that 
this is not subject to rapid degradation. It is possible that the aberrant pre-60S 
ribosomes that accumulate in the absence of Nop53p are unusually resistant to RNA 
surveillance and subsequent degradation. 
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Figure 3.7: Nop53p is required for the nucleo-cytoplasmiC export of the 60S 
subunit. (A) Wild-type and GAL::31-IA-nop53 strains were transformed with a centromeric 
plasmid expressing Rplllb-eGFP (shown in green). Cells were pre-grown in galactose 
synthetic medium lacking leucine (a and c) and shifted to YPD for the times indicated (b,d and 
e). Cells were fixed and stained with DAPI to visualize the nucleoplasm (shown in red). (B) 
Wild-type (a) and GAL::3HA-nop53 strains (b) containing pRplllb-GFP (shown in green) 
were shifted to YPD for 4 hrs. The nucleolus was visualized using an anti-Nopip antibody 























The polyadenylation status of pre-rRNA in Nop53p depleted cells was assessed by 
selecting polyA RNA from total RNA extracted from WT and GAL::3HA-nop53 cells, 
grown for 4 hrs on glucose. PolyK selection utilises a biotinylated oligo-dT (—T 15) that 
is incubated with total RNA, and subsequently captured on streptavidin coated 
magnetic beads. Total RNA, and RNA isolated in polyK (bound) and polyk 
(unbound) fractions were analysed by denaturing electrophoresis (Fig. 3.8). 
Polyadenylated PGK1 mRNA (Fig. 3.8d) is strongly enriched in the bound fraction 
from both WT and Nop53p depleted cells. In contrast, there appears to be no 
polyadenylation of the 7S, 27SA or 20S pre-rRNA5 (Fig. 3.8 a-c). This suggests that 
the accumulated 7S precursors are not targeted for polyadenylation, supporting the 
idea that, in the absence of Nop53p, late pre-60S ribosomes are not efficiently 
targeted for degradation by the TRAMP/exosome system. 
Figure 3.8: 7S pre-rRNA is not 
polyadenylated on depletion of 
Nop53p. 100(lg of total RNA from 
WT and GAL::nop53 cells grown 
on glucose for 4 hrs were subject 
to oligo (dT) selection. The bound 
fraction 	(polyK), 	the 	unbound 
fraction 	(polyA) 	and 	total 	RNA 
27SA2 were analysed by Northern 
hybridisation following separation 
20S on 	(c) 	denaturing 	6% 
polyacrylamide/8.3MUrea 	gel 	or 
(a, b and d) 1.2% agarose gel. 
50% of the bound fraction (polyA) 
7S was run out on each gel and 2% 
of RNA from total and equivalent 
from the unbound (poIyA) fraction 
PGK1 was loaded. Oligo probes used for 
hybridization 	are 	shown 	in 
parenthesis on the left. 
To further explore the possible role of Nop53p in the surveillance of aberrant 
precursors, the GAL::3HA-nop53 allele was combined with an rrp61 allele. Rrp6p is a 
non-essential component of the nuclear exosome, and is required for the final steps 
of 5.8S maturation. In an rrp6,6 strain the 5.8S+30 pre-rRNA species is known to 
substantially accumulate, a fraction of which is polyadenylated, as can be seen in 
Figure 3.9 A panel a, lane 13. By combining GAL::3HA-nop53 with the rrp6A allele it 
could be identified if depletion of Nop53p negates the polyadenylation of this 5.8S+30 
species. PolyA+ purifications were performed on RNA extracted from cells grown 
under permissive galactose containing conditions and non-permissive conditions, 
where cells had been shifted to glucose containing media for 1 hr. Total RNA and the 
oligo dT bound and unbound RNA fractions from the same purification were analysed 
by denaturing agarose and acrylamide electrophoresis. Under permissive conditions 
polyadenylation of the 5.8S+30 pre-rRNA in the GAL:.3HA-nop53, rrp6Ll double 
mutant, is greater than in the rrp6ii single mutant, since amount of 5.8S+30 pre-rRNA 
A 3 . 
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Figure 3.9: 5.8S+30 pre-rRNA fails to be polyadenylated in a GAL::3HA-nop53 rrp64 
double mutant. Total ANA was extracted from GAL:.nop53 and GAL::nop53 rrp6ii (grown 
under permissive and non-permissive conditions) and rrp6A grown in galactose. Total RNA 
was subject to polyA selection on a oligo dT column. The oligo dT bound fraction (+), was 
analysed along side the unbound fraction (-) and total (T) RNA by Northern hybridisation 
following (A) denaturing polyacryamide (6% Polyacrylamide/8.3M Urea) or (B) agarose 
(1.2%) electrophoresis. Oligo probes used for hybridization are shown in parenthesis on the 
left. 
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found in the bound, polyA+ fraction, is greater (Fig. 3.9 A panel a compare lane 13 
and 14). A possible rationale for this observation is that if Nop53p is indeed targeting 
aberrant precursors to the surveillance pathway, then over-production of Nop53p 
(which could be anticipated under GAL control) would target more substrate to the 
surveillance pathway. Analysis of RNAs extracted from cells shifted to non-
permissive conditions for 1 hr, where Nop53p is depleted, showed polyadenylation of 
the 5.8+30 pre-rRNA to be abolished (Fig. 3.9 A panel a lane 15), whereas the 
mRNA5 TSA 1 and PGK1 still appear in the polyA+ fraction (Fig. 3.9 A panel b lane 
15 and B panel b lane 12). This lack of polyadenylation appears to be specific to 
precursors of 5.8S rRNA, since the 27SA 2 precursor is recovered in the oligo(dT) 
bound fraction in the GAL:.3HA-nop53, rrp6 double mutant following 1 hr of growth 
in glucose (Fig. 3.9 B panel a lane 12). 
3.7 Discussion 
The data presented here establish that Ypll46cp/Nop53p is a late-acting nuclear 
component of the 60S ribosome synthesis machinery. Sucrose gradient analyses 
showed the co-sedimentation of Nop53-TAP with the 27S pre-rRNA component of 
the pre-60S particles. Following publication of this work (Thomson & Tollervey, 
2005), a study using a plasmid-borne prot-A-Nop53 construct reported Nop53p to co-
precipitate with 27S and 7S pre-rRNA (Granato et al., 2005). This supports the 
association of Nop53p with mid- and late pre-605 particles. Depletion of Nop53p, 
under the control of a repressible GAL promoter, severely inhibited the synthesis of 
the 25S and 5.8S rRNA components of the mature 60S subunits. In the absence of 
Nop53p, pre-60S particles accumulate in the nucleus, as judged by the nuclear 
retention of the Rplllb-eGFP reporter. These pre-60S particles are likely to also 
contain the 7S and 25S' pre-rRNA5, which were strongly accumulated in Nop53p-
depleted strains. This indicates that the presence of Nop53p is required for pre-605 
particles to attain export competence. Depletion or mutation of several different 
proteins inhibits both 60S subunit export and processing of 7S pre-rRNA to 5.8S 
(Gadal et al., 2001a; Gadal et al., 2002; Nissan et al., 2002; Galani et al., 2004; 
Oeffinger et al., 2004), although no previously characterised mutation resulted in the 
very high levels of 7S pre-rRNA accumulation observed following depletion of 
Nop53p. Maturation of 7S pre-rRNA to 5.8S rRNA is reported to occur in the 
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nucleoplasm (Nissan et al., 2002), indicating that it may be directly linked to the 
acquisition of export competence, or to the export process itself. Studies in Xenopus 
oocytes (Trotta et at., 2003) have also linked 3' maturation of the 5.8S rRNA to 60S 
subunit export, suggesting that this is a conserved feature. 
While Nop53p is implicated in the nuclear export of pre-60S subunits, a heterokaryon 
assay demonstrated that Nop53-GFP does not transfer between nuclei. This 
indicates that Nop53p does not accompany pre-60S particles into the cytoplasm. 
Nop53p may mediate an interaction between the pre-60S particles and the nuclear 
pore complex, consistent with the reported association of Nop53p with nucleoporins 
(Rout et at., 2000). It is possible that Nop53p dissociates prior to subunit 
translocation through the lumen of the pore, or is rapidly released and re-imported 
following emergence of the pre-ribosome on the cytoplasmic face of the NPC. 
It seems likely that an important quality control system monitors subunit integrity prior 
to export to the cytoplasm. Only pre-60S subunits that are accurately assembled and 
sufficiently mature gain export competence. Export to the cytoplasm is presumably 
an irreversible step that takes the subunits beyond the reach of the nuclear RNA 
surveillance system. When the first mutants defective in subunit export were 
identified, it was assumed that the corresponding proteins functioned as components 
of the ribosomal subunit export machinery (Stage-Zimmermann et al., 2000). 
However, as the numbers of such "export factors" have grown it has become 
increasingly unlikely that they all function directly in subunit export (Stage-
Zimmermann et al., 2000; Bal3ler et al., 2001; Gadal et at., 2001a; Gadal et at., 
2001b; Gleizes et al., 2001; Milkereit et al., 2001; Oeffinger et al., 2002; Fatica et al., 
2003b; Kallstrom et al., 2003; Milkereit et al., 2003; Galani et at., 2004; Oeffinger et 
al., 2004). Rather, many mutations may inhibit export because they generate pre-
ribosomes that are perceived to be defective by a surveillance system that monitors 
the export-competence of the subunits. 
Based on a high-throughput screen, N0P53 was initially reported to be essential for 
viability. However, a recent analysis found that a nop53 deletion strain is viable, 
although impaired in growth (Sydorskyy et al., 2005). The large majority of 
characterized yeast ribosome synthesis factors are essential for viability, and 
conditional mutants fail to synthesize one or more rRNA species under non- 
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permissive conditions. In most cases, they also accumulate only low levels of pre-
rRNA, indicating that surveillance of pre-ribosomes and degradation of pre-rRNAs 
are very active in yeast. This is in marked contrast to the situation in E. co/i, where 
ribosome synthesis is not known to be subject to surveillance activities. Mutations in 
bacterial ribosome synthesis factors are not lethal and generally lead to the 
accumulation of pre-ribosomes and the synthesis of at least partially functional 
ribosomes (reviewed in El Hage and Tollervey, 2004). In this context, Nop53p is 
unusual amongst yeast ribosome synthesis and export factors since its depletion 
resulted in a dramatic accumulation of the 7S pre-rRNA. This indicates that the 
aberrant pre-60S ribosomes accumulated in this background are not subject to rapid 
degradation. Moreover, since Nop53p is reported to be non-essential, at least some 
functional ribosomes must be synthesized in its absence. These observations would 
be consistent with the model that the lethality of many ribosome synthesis factors is a 
consequence of active surveillance and degradation of the defective pre-ribosomes. 
The exosome complex of 3'-5' exonucleases is known to degrade aberrant pre-
rRNAs that arise from the inhibition of processing (Allmang et al., 2000), and 
degradation of nuclear-restricted pre-ribosomes (Dez et al., 2006). The exosome can 
be activated for RNA degradation in vitro and in vivo by the nuclear "TRAMP" 
complex (I04p, Air, Mtr4p l2olyadenylation complex) (LaCava et al., 2005; Vanacova 
et al., 2005; Wyers et al., 2005). This complex is comprised of a poly(A) polymerase 
Trf4p, a zinc-knuckle protein - either Airl p or Air2p, which are functionally redundant, 
and the putative RNA helicase Mtr4p. Strains lacking components of the TRAMP 
complex accumulate the aberrant 23S pre-rRNA, which is a characterized substrate 
for the nuclear exosome (Allmang et al., 2000). This indicates that the TRAMP 
complex functions together with the exosome in the surveillance and degradation of 
defective pre-ribosomes. Nop53p was previously identified as a protein that co-
precipitated with FLAG-tagged Trt4p (Ho et al., 2002), and recently has been 
proposed to interact with Mtr4p (Krogan et al., 2006) suggesting that Nop53p may 
participate in the recognition of aberrant pre-ribosomes. This would offer a potential 
explanation for the observation that pre-ribosomes lacking Nop53p appear to be 
unusually resistant to RNA surveillance and degradation. 
Preliminary experiments to dissect the role of Nop53p in the surveillance of aberrant 
pre-ribosomes show that 7S pre-rRNA, which accumulates on depletion of Nop53p, 
fails to be polyadenylated. Further, depletion of Nop53p from a rrp6ii strain 
suppressed the polyadenylation of 5.8S+30 pre-rRNA, which is readily detected 
under permissive conditions. Taken together, these observations support a role for 
Nop53p in the recruitment of the surveillance machinery to pre-60S particles that 
contain aberrant precursors to the 5.8S rRNA. While the absence of Nop53p negates 
the polyadenylation of precursors to the 5.8S rRNA, polyadenylation of an earlier 
precursor (27SA2 pre-rRNA) continues. This leads to the hypothesis that other 
components of earlier pre-ribosomal particles may also signal to the surveillance 
system. 
There exists the intriguing possibility that the processing and surveillance of Nop53p 
containing pre-60S particles are intricately linked. Nop53p appears to be required for 
exosome mediated maturation of the 5.8S, and may propagate the signal from pre-
60S particles, possibly via Mtr4p, to recruit the exosome. Similarly, Nop53p may act 
to trigger the surveillance machinery via the TRAMP component Mtr4p. 
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Chapter Four 
Nop9p is a RNA binding protein that is required for 18S rRNA 
synthesis 
4.1 Introduction 
To date, over 180 trans-acting factors have been implicated in pre-rRNA processing 
and ribosome assembly. Of these, numerous non-ribosomal protein factors have 
been identified as being associated with one or more pre-ribosomal particles. A 
disproportionate number of characterised factors are implicated in the synthesis of 
the large subunit, leading to the suggestion that the complement of factors required 
for small subunit synthesis might be approaching saturation. Factors are found to be 
associated with pre-ribosomes through density gradient analysis and, more recently, 
from affinity purification of pre-ribosomal particles. Trans-acting factors must 
associate with pre-ribosomes reasonably stably and/or over long periods of time in 
order to be identified. A greater challenge exists in identifying proteins that interact 
weakly and/or transiently with pre-ribosomes. This is illustrated by the fact that 
numerous factors implicated in the maturation of pre-ribosomes and processing of 
pre-rRNA have failed to be found associated with pre-ribosomal particles, including 
many of the nucleases. 
The uncharacterised ORF, YJL010C, encodes an essential 77.7KDa protein, which 
we have termed Nop9p (NucleQiar Protein). Nop9p was utilised as a bait protein in a 
high-throughput affinity purification study in which it was found to interact with 
Nop53p. Other peptides identified, by mass spectrometry, as co-purifying with Nop9p 
include those from Nop56p. Nop9p has not however been identified as a component 
of any pre-ribosomal particle. 
Nop9p contains multiple pumilio-like putative RNA binding repeats (PUM repeats), 
which combine to form an imperfect pumilio-like homology domain (Fig. 4.1A). This 
suggests that Nop9p could display RNA binding activity. The first characterised 
member of this RNA-binding protein family was the Drosophila melanogaster protein 
Pumilio, which acts to embryonically repress the translation of the maternally 
expressed hunchback mRNA (Murata & Wharton, 1995). Numerous other factors 
containing pumilio-like homology domains are implicated in the regulation of 
translation and mRNA stability, and have been identified from yeast to mammals 
(Zamore et al., 1997; Zhang et al., 1997; Crittenden et al., 2002). From X-ray crystal 
structures, the pumilio homology domain was found to contain eight PUM repeats 
that pack together to form a right-handed super helix (Wang et al., 2001)(Fig. 4.1B). 
The concave surface of this helix makes contact with the RNA via the individual PUM 
repeats, which interact with different residues. The outer surface of the protein is 
believed to mediate protein-protein interactions. At least 6 members of the pumillio 
family have been found to bind RNA in a sequence specific manner (Tadauchi et al., 
2001; Cui et al., 2002; Wang et al., 2002; Gu et al., 2004), including the 
Saccharomyces cerevisiae protein Puf3p, which binds to mRNAs encoding 
mitochondrial proteins and regulates their degradation (Olivas & Parker, 2000). 
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Fiaure 4.1: Nooft contains a DuflhiliO 
moloav domain. (A) Sequence analysis of 
B 	 Nop9p, using PROSITE, suggests that Nop9p 
contains a Pumilio homology domain (stretching 
• 	- 	from residue 23-435) and 7 pumilio (PUM) ANA- 
. binding repeats at residues 92-127, 128-163, 
188-223, 286-326, 369-407, 511-548 and 549- 
587. (B) Structure of the pumilio homology 
N domain from human hsPUM-HD. The eight PUM 50 repeats (labelled R1-R8) pack together to form a 
right-handed superhelix (Wang et al., 2001). 
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42 Nop9p is a component of 90S and pre-40S particles. 
To determine if Nop9p interacts with pre-ribosomal particles, a Nop9-TAP strain was 
constructed. The growth of the tagged strain was indistinguishable from otherwise 
isogenic wild-type (data not shown), indicating the fusion protein to be functional. The 
Nop9-TAP fusion strain was used for sucrose density gradient analysis and affinity 
purification. The sedimentation pattern of Nop9-TAP and pre-ribosomes was 
assessed by the separation of total cell lysate on a 10-50% sucrose gradient. RNA 
and proteins were extracted from each gradient fraction and pre-rRNA5 were 
analysed by Northern hybridisation and proteins by Western blotting. 
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Figure 4.2: Nop9p associates with pre-ribosomal particles. (A) Cell lysate from a strain 
expressing Nop9-TAP was loaded on a 10-50% sucrose gradient a Northern hybridisation 
with a probe (003) that hybridises to the 35S, 33/32S components of 90S pre-ribosomes, the 
27SA2  component of pre-60S particles and 23S rRNA. b. Northern hybridisation with probe 
004 against the 20S pre-rRNA component of pre-40S particles. c. Western blotting using 
peroxidase -anti-peroxidase (PAP) that recognises the prot A region of the TAP tag from 
Nop9-TAP. Fraction numbers are indicated where 1 is the top gradient fraction and P is the 
pellet. (B&C) Northern analysis of RNAs co-precipitated with Nop9-TAP or from mock 
precipitated, untagged control strains. Cell lysates from a strain expressing Nop9-TAP were 
incubated with lgG sepharose and Nop9p containing particles were obtained by release from 
the prot A tag with TEV protease. RNA was prepared from total cell extracts (Total) and 
Immunoprecipitated samples (IP). (B) RNA was glyoxyl denatured, and separated on a 1.2% 
agarose gel to resolve high molecular weight species. (C) To analyse low molecular weight 
species, RNA was separated on a denaturing 6% polyacrylamide/8.3M Urea gel. In B+C 
Total RNA loaded corresponds to 2% of the amount used as input for immunoprecipitations. 
Following migration RNAs were transferred to a nylon membrane and hybridised with the 5' 
Labelled oligonucleotide probes shown in parenthesis on the left of gel panels. 
97 
Nop9-TAP sedimented in a single broad peak (Fig. 4.2 A panel C), that tails oft at 
either end. The upper end of the Nop9-TAP peak (fraction 8-11) may reflect an 
association with pre-40S particles, as judged by co-sedimentation with 20S pre-rRNA 
(Fig. 4.2 A panel b+c). The lower region of the Nop9-TAP peak (fraction 12-15) co-
sedimented with the 23S, 27SA 2 , 35S, and 33/325 pre-rRNA species (Fig. 4.2 A 
panel a+c). This may correspond to the association of Nop9-TAP with 90S, pre-60S 
and/or pre-40S particles containing 23S rRNA ribosomal particles. 
The sucrose gradient analysis was consistent with the association of Nop9p with pre-
ribosomal particles. Affinity purification of Nop9-TAP was performed to clarify the 
nature of its association with pre-ribosomes. Cell extracts from Nop9-TAP and 
untagged control strains were incubated with lgG sepharose beads, to which the prot 
A region of the TAP tag binds. Nop9-TAP associated particles were obtained via 
cleavage of the linker between the prot A tag and the body of the protein by TEV 
protease. Following cleavage, ANA bound to Nop9-TAP was extracted and subject to 
Northern analysis. Nop9-TAP co-precipitated the 20S pre-rRNA and, less efficiently, 
35S pre-rRNA (Fig. 4.2 B panel a+c), suggesting that it is a component of both 90S 
and pre-40S particles. A number of 90S synthesis factors, which fail to be 
incorporated into pre-40S particle, efficiently precipitate the 5'ETS-A 0 fragment 
(Schafer et al., 2003), suggesting that they dissociate concomitantly with the first 
cleavage reaction. Nop9-TAP does not efficiently precipitate the 5'ETS-A 0 (Fig. 4.2 C 
panel a), consistent with its incorporation into pre-40S particles. 23S and 22S co-
precipitated efficiently with Nop9-TAP (Fig. 4.2 B panel a). These species are 
generated at low levels in WT cells but are clearly enriched in the IP. No appreciable 
levels of pre-rRNAs associated with pre-60S particles, snoRNAs or mature rRNAs 
are seen to precipitate with Nop9-TAP. Together, sedimentation and affinity 
purification data of Nop9-TAP is consistent with its association with 90S and pre-405 
particles. 
A 1-step TAP purification, where extracts were incubated with lgG coated beads and 
then cleaved with 1EV, was sufficient for the identification of the pre-rRNA species 
associated with Nopg-TAP. To obtain a clean immunoprecipitation of proteins 
associated with Nop9-TAP, a classic 2-step TAP purification was performed (Fig. 
4.3). Following TEV cleavage the calmodulin binding peptide (CBP), exposed 
following TEV cleavage, binds to the calmodulin matrix. Unpublished observations 
made within this lab suggests that this binding step is frequently inefficient, leading to 
the loss of a substantial amount of material. There is some suggestion that the 
structure of the complex and the accessibility of the epitope is important for efficient 
purification. This inherently weak second binding step has resulted in an inability to 
purify enough material on which to perform mass spectrometry analysis. 
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4.3 Nop9p is a nucleolar protein 
Pre-40S particles are generated in the nucleolus and are rapidly exported to the 
cytoplasm, where maturation is completed (Udem & Warner, 1973). Since Nopg-TAP 
associates with 20S pre-rRNA, we determined its localisation to assess whether it is 
exported to the cytoplasm with the pre-40S particle. To determine the localization of 
Nop9p, a GFP tagging cassette was integrated at the c-terminal of the endogenous 
NOP9 locus. The growth of the tagged strain was indistinguishable from otherwise 
isogenic wild-type, indicating the fusion protein to be functional (data not shown). The 
nucleolus was identified in fixed cells by indirect immunofluorescence using a mouse 
anti-Nopip antibody (Wu et al., 1998) and a goat anti-mouse alexafluor-555 
conjugated secondary antibody. The nucleoplasm was visualized with DAPI, present 
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in the mounting agent. Nopg-GFP co-localized with Nopi p, but was largely excluded 
from the DAR stained nucleoplasm and displayed no detectable cytoplasmic signal 
(Fig. 4.4). This pattern of localization is consistent with the association of Nopgp with 
90S containing particles and early pre-40S particles, prior to their export to the 
cytoplasm. 
DAPI 	Nop9-GFP 	allopl 	Merge 
Nop9-GFP 
Figure 4.4: Nop9p is a nucleolar protein. A strain expressing an endogenously tagged 
Nop9-GFP fusion protein (green in merge), expressed under its own promoter was fixed in 
paraformaldehyde and spheroplasted with zymolase. The nucleous was visualized using an 
anti-Nopi antibody that was subsequently recognized by an alexafluor (555) conjugated 
secondary antibody (red in merge). The nucleoplasm was visualized by DAPI (blue in merge). 
The green signal was entirely contained within the region decorated by anti-Nopi. 
4.4 Nop9p is required for synthesis of 18S rRNA 
4.4.1 Generation and characterisation of a conditionally expressed allele of 
NOP9 
Nop9p was reported to be an essential protein, based on data from the systematic 
deletion project in Saccharomyces cerevisiae. A conditional allele of NOP9 was 
therefore constructed in which expression was placed under the glucose repressible 
GAD promoter. On complete galactose containing media, the growth of the WT 
strain (BMA38) was indistinguishable from the GAL::3HA-nop9 allele (Fig. 4.5A). To 
examine the effects of Nop9p depletion, cells were shifted from galactose to glucose 
containing media. WT and GAL:.3HA-nop9 strains continued to grow at the same 
rate for 8 hrs following the shift of carbon source. Following 8 hrs of growth on 
glucose medium the growth profile of the GAL::3HA-nop9 strain began to slow 
relative to the WT (Fig. 4.513). Utilising the 3HA tag present at the N-terminal of 
Nop9p, protein level of 3HA-Nop9p were followed throughout the depletion time-
course by Western analysis (Fig, 4.5C). 3HA-Nop9p levels began to decrease 
following 4 hrs of growth on glucose media. However a substantial decrease in the 
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levels of 3HA-Nop9p coincided with the appearance of the growth defect, following 8 
hrs of growth on glucose containing media. Only a single GAL:.3HA-nop9 clone was 
obtained, however the depletion phenotype, from Northern and pulse-chase analysis 
and export localisation assays were reproducible. To confirm the identity of the 
GAL:.3HA-nop9 clone a control PCR reaction was performed utilising primers which 
hybridised within the inserted cassette and primers which hybridised within the NOP9 
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Figure 4.5: Depletion of 3HA-Nop9p 
inhibits cell growth. (A) Growth rate of 
the wild-type and GAL::3HA-nop9 strains 
in galactose containing medium. The 
growth profile of BMA38 is shown in blue 
and GAL:.3HA-nop9 in red. (B) Growth 
rate of WT and GAL::3HA-nop9 strains 
following transfer from permissive 
galactose containing medium to non-
permissive glucose containing medium 
for the times indicated. Cells were 
maintained in exponential growth 
throughout the time course by addition of 
pre-warmed medium. The value of the 
ODwo takes into consideration any 
dilution factor. (C) Western analysis of 
3HA-Nop9p depletion. 3HA-Nop9p was 
decorated with a rabbit anti-HA primary 
antibody, which was subsequently 
detected using an anti-rabbit igG 
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4.4.2 Synthesis of 188 rRNA is delayed in Nop9p depleted cells. 
To initially characterise the role of Nop9p in ribosome biogenesis, in vivo labelling of 
cells with [3H] adenine was performed. The GAL::3HA-nop9 strain and isogenic WT, 
which are prototrophic for adenine, were grown in glucose containing minimal 
medium (lacking adenine) for 8 hrs, to deplete Nop9p. Following depletion, cells were 
labelled with [8- 3H] adenine for 2 minutes and chased with an excess of cold 
adenine. Total RNA was extracted, from cell samples removed during the course of 
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the experiment, and separated by denaturing gel electrophoresis, transferred to a 
nylon membrane and analysed by Northern hybridisation. 
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Figure 4.6: Depletion of Nop9p inhibits synthesis of 18S rRNA. Wild-type and GAL::3HA-
riop9 strains were transferred to glucose containing minimum medium (lacking adenine) for 8 
hrs, following growth on galactose containing minimum medium (lacking adenine). Cells were 
pulse labelled with [8- 3H] adenine for 2 minutes followed by a chase with a large excess of 
cold adenine for the times indicated. (A) High molecular weight RNA was glyoxyl denatured 
and resolved on a 1.2% agarose gel. (B) Low molecular weight RNA was separated on a 6% 
polyacrylamide/8.3M urea gel. In A and B panel (a) shows the same exposure for the wild-
type and GAL:.3HA-nop9 samples while panel (b) shows a 2-fold longer exposure of the 
GAL:.3HA-nop9 samples. 
For the Nop9p-depleted strain, adenine incorporation into pre-rRNA was reduced 
approximately 2-fold relative to the wild-type as estimated from the relative exposures 
required to give approximately equal signals for the wild-type and Nop9p-depleted 
samples (Fig. 4.6). 
Following depletion of Nop9p, 18S rRNA synthesis was inhibited while the synthesis 
of the 25S, 5.8S and 5S rRNA species continued (Fig. 4.6 A panel b and B panel b). 
The early 35S precursor persists in late time points in Nop9p depleted cells 
compared to the WT, where no labelled 35S pre-rRNA can be seen (Fig. 4.6 A panel 
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a+b). Under normal conditions, 35S pre-rRNA is rapidly converted to the 33S, 
followed by the 32S species, through successive endonucleolytic cleavages at sites 
A0 and A 1 . These early cleavages appear defective since 33S/32S (which co-migrate) 
were not detected in the Nop9p depleted strain (Fig. 4.6 A panel b). Cleavage at A 2 is 
linked to cleavage at A 1 in the 5'ETS, therefore a failure in the early cleavage steps 
accounts for the low levels of 20S and 27SA 2 seen in Nop9p depleted cells (Fig. 4.6 
A panel b). Processing within ITS1 continues through direct cleavage of the 35S pre-
rRNA at A3, without prior cleavage at A 0, A 1 or A2 , generating the 27SA 3 and 23S 
species. The 23S species can be visualised at low levels (Fig. 4.6 A panel b), 
however the 27SA3 species is not easily visualised as it is rapidly processed to the 
27SB1 . The 27SB species appeared to persist at later time points in the mutant 
strain compared to WT (Fig. 4.6 A panel b). This delay must be minor as the mature 
25S and 5.8S rRNAs appear with relatively normal kinetics when compared to the 
wild-type (Fig. 4.6A panel b + B panel b). In Nop9p depleted cells 18S continues to 
be synthesised at low levels. The depletion of Nop9p is not complete, due to 
leakiness of the GAL 1 promoter, therefore a small fraction of ribosomes in the 
GAL:.3HA-nop9 strain will be wild-type. Heterogeneity in the pre-rRNAs synthesised 
is therefore expected, as a small amount of 18S rRNA can still be produced. 
4.4.3. Nop9p is required for pre-rRNA processing. 
Steady-state levels of precursor and mature rRNA5 were analysed throughout the 
depletion of 3HA-Nop9p. Total RNA was extracted and subjected to Northern 
analysis. Analysis of early precursors showed that 35S pre-rRNA accumulated 
moderately following 4 hrs of growth on YPD media. This was combined with the 
disappearance of the 33S/32S species following 8 hrs of growth on glucose 
containing medium (Fig. 4.7 A panel a). This suggests that depletion of Nop9p 
inhibits early cleavage at A0 , preventing synthesis of the 33S pre-rRNA. The fragment 
generated from endonucleolytic cleavage at A 0, which stretches from the end of the 
5'ETS to A0, disappears concomitant with the loss of 33S pre-rRNA (Fig. 4.7 B panel 
a), consistent with a failure in cleavage at A0. In the absence of cleavage at A 0 , 
subsequent cleavage at A 1 and A2 are inhibited, accounting for the disappearance of 
the 32S and the 27SA2 species (Fig. 4.7 A panel a). The relationship between 
cleavage at A0 and subsequent cleavage at A 1 is unclear as there is little evidence for 
obligatory coupling, unlike the situation for A 1 and A2. A failure in cleavage at A2 also 
resulted in a decrease in levels of 20S pre-rRNA (Fig. 4.7 A panel c). In agreement 
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with the loss of 18S synthesis seen in pulse chase analysis, steady state levels of 
18S decreased (Fig. 4.7 A panel e), while the 5.8S and 25S remained unaffected 
(Fig. 4.7 A panel d and Fig. 4.7 B panel d). 
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Flaure 4.7: Noo90 is reauired for the Drocessina _of_ early _precursors and _the _synthesis 
of18$_rRNA. Total RNA was extracted during growth on galactose medium (0 hr time point) 
and at the intervals indicated, following transfer to glucose medium. (A) Northern analyses of 
high molecular weight RNA species resolved on a 1.2% agarose gel following glyoxyl 
denaturation. (B&C) northern analyses of low molecular weight RNA species resolved on a 
6% polyacrylamide/8.3M urea gel. The same RNA preparations are used for each analysis. 
4g of total RNA was used for each gel. Oligonucleotide probes used for hybridisation are 
indicated in parenthesis on the left of each panel. 
The level of the 23S pre-rRNA is elevated, following 4 hrs of growth on glucose 
containing medium, and continues to show moderate accumulation until 20 hrs where 
levels begin to decrease (Fig. 4.7 A panel a), presumably reflecting reduced pre-
rRNA transcription due to the falling growth rate. High levels of 23S rRNA do not 
accumulate, as it is recognised by a nuclear surveillance system that targets it for 
exosome mediated degradation. It remains unclear if any fraction of the 23S 
population is processed to 18S and incorporated into ribosomes. The other product of 
premature cleavage at A 3 is the 27SA 3 pre-rRNA species. Formation of this species 
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allows the synthesis of 5.8S s and 25S rRNA to continue uninterrupted, confirmed by 
the unaltered levels of the mature 5.8S and 25S rANA (Fig. 4.7 A panel d and 4.7 B 
panel d). 
The snoRNAs U3, U14 and snR30 are required for the early pre-rRNA cleavage 
steps within the 5'ETS and at A 2. The level of snoRNAs was assessed throughout the 
depletion of Nop9p to ascertain if the alteration in early cleavages were affected 
indirectly, due to reduced snoRNP biogenesis. Figure 4.7C clearly shows that 
depletion of Nop9p, doesn't affect the accumulation of any snoRNA tested, including 
representatives of both major classes, the H/ACA and C/D box containing snoRNAs. 
4.5 Nop9p is required for the export of pre-40S particles from the 
nucleolus 
The localization of pre-rRNA species was assessed during Nop9p depletion to 
determine whether the transit of pre-ribosomal particles from the nucleolus to the 
cytoplasm was affected. The localization of pre-40S particles was determined by 
fluorescence in-situ hybridization (FISH), using a Cy-3 labelled oligonucleotide probe 
complementary to a 50 nt sequence present at the 5' end of ITS1. This probe 
recognizes nascent transcripts, 35S, 33S, 32S and 20S pre-rRNA species and the 
aberrant 23S rRNA species. Localization was analyzed in wild-type and GAL::3HA-
nop9 strains under permissive (Fig. 4.8 A panel a+b) and non-permissive (Fig. 4.8 A 
panel c+d) conditions. Under permissive conditions the Cy3 signal of ITS1 was found 
in the nucleolus, nucleoplasm and cytoplasm, but showed a nucleolar enrichment, in 
both WT and mutant strains (Fig. 4.8 A panel a+b). This is consistent with previous 
reports that the 20S pre-rRNA is exported through the nucleoplasm and nuclear pore 
complex (NPC) to the cytoplasm, prior to final maturation to 18S rRNA (Udem & 
Warner, 1973). Following a shift to non-permissive glucose containing medium for 8 
hrs, Nop9p depleted cells showed an increase in nucleolar Cy3 signal with a 
concomitant decrease in signal from other cellular compartments (Fig. 4.8 A panel d). 
This suggests that upon depletion of Nop9p, pre-ribosomal particles, where the pre-
rRNA components retain the D-A 2 sequence, accumulate specifically in the 
nucleolus. 
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To assess the effects of depletion of Nop9p on the intracellular transport of pre-60S 
particles, a probe directed against the 5' end of ITS2 was used (Fig. 4.813). This 
probe recognizes, in addition to the nascent transcripts and the 35S, 33S, and 32S, 
the pre-rRNA species generated following cleavage at A 2 , including the 27SA23 , 
27SB1L+s and 7S components of pre-60S particles. Following 8 hrs of growth on 
glucose medium, no difference in the nuclear Cy-3 signal in WT compared to Nop9p 
depleted cells was seen (Fig. 4.8 B panel c+d). These results support the idea that 
Nop9p depleted cells continue synthesis of pre-60S particles, and that these are 
efficiently matured and exported to the cytoplasm. 
From localisation studies it is accepted that maturation of 5.8S and 25S rRNA are 
nuclear events. The ITS2 probe recognizes only pre-rRNAs not mature rRNA5 and it 
was therefore anticipated that the ITS2 signal would be exclusively nuclear. However, 
we observed that in galactose containing medium the Cy-3 signal for ITS2 (Fig. 4.8 B 
panel a+b) was detectable in the cytoplasm in both WT and GAL:.3HA-nop9 strains, 
although the signal is strongly enriched in the nucleoplasm and the nucleolus. 
Following the shift to glucose containing medium, the ITS2 signal appeared to be 
specifically nuclear, as previously observed. These preliminary observations suggest 
that post-transcriptional steps in ribosome synthesis may be subject to some form of 
metabolic regulation. 
The nucleolus of Saccharomyces cerevisiae is generally described as occupying a 
crescent shaped region of the nucleus (Fig. 4.4). However, in Figure 4.8 Nopi p does 
not show this characteristic localization pattern. This is a consequence of utilising the 
DeltaVision imaging system. This system allows the capture of multiple Z-stacks, 
utilising a stage fitted with a nanochassis driver that allows very fine Z movements. 
Utilising the data collected from the Z-stacks, deconvolution algorithms are 
performed which re-focus out of focus light. This allows a greater quality of resolution. 
These improved techniques in fluorescent microscopy open the way for more 
detailed analysis of sub-nucleolar structure in Saccharomyces cerevisiae. The 
fragmented and stippled pattern of Nopip signal is reproducible and, we believe, 
reflects accurately the sub-nucleolar localization of Nopi p. 
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Figure 4.8: (see over page) Nop9p is required for the nucleo-cytoplasmic export of the 
pre-40S subunit. WT and GAL:.3HA-nop9 strains were pre-grown in galactose and shifted 
for 8 hrs to glucose containing media. Cells were fixed in paraformaldehyde and 
spheroplasted. Fluorescent in situ hybridisation (FISH) was performed using Cy-3 labelled 
probes (red in merge), complementary to the 5' end of ITS1 (A) or the 5'end of ITS2 (B). In 
addition, the nucleolar marker Nopi p was visualised by indirect immunofluorescence using an 
anti-Nopi antibody followed by fluorescently conjugated (Alexafluor 488) secondary antibody 
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4.6 Nop9p displays in vitro RNA binding activity 
Nop9p contains multiple, potential RNA binding motifs, in the form of pumillio-like 
domains. In vitro RNA binding assays were performed to determine whether Nop9p 
displays RNA binding activity. Binding of 35S labelled in vitro transcribed and 
translated Nop9p to homo-polymeric ribonucleotides (polyA and polyU), was first 
assessed. Substantial binding of 35S labelled Nop9p was seen with either polyA-
sepharose or polyU-sepharose, with an apparent preference for polyU. The protein 
A-sepharose control showed no binding of [35S] Nop9p (Fig. 4.9A). Equal fractions of 
the preparation of bound, unbound and total material are shown in Figure. 4.9A. 
Cumulatively, the bound and unbound fractions for each sample do not correspond to 
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Figure 4.9: Nop9p displays in vitro ANA binding activity. (A) [35S]-labelled Nop9, 
generated from a in vitro transcription and translation reaction, was incubated with protein A-
sepharose, poly (A)-sepharose, and poly(U)-sepharose. Equivalent amounts of the proteins 
recovered from bound and unbound fractions along with total input were separated on a 4-
12% Bis-tris gradient acrylamide gel, and visualised by autoradiography. (B) [ 5S] labelled 
Nop9p was incubated with streptavidin agarose alone or with streptavidin agarose loaded with 
biotinylated tRNAfhel or biotinylated pre-rANA (D-A 2) fragments. Following incubation, proteins 
were recovered from bound and unbound fractions and equivalent amounts were run along 
with the input. Proteins were visualised by autoradiography. 
To assess the specificity of Nop9p RNA binding, the D-A 2 region, present at the 5' 
end of ITS1, was in vitro transcribed in the presence of biotinylated UTP, as was a 
(highly) structured tRNA t. Transcripts were purified, and bound to streptavidin 
sepharose, followed by incubation with [35S] Nop9p. The bound and unbound 
fractions are shown, where equivalent amounts of each fraction of the preparation 
were loaded. Nop9p convincingly binds the D-A2 fragment, however sequence 
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specificity is not demonstrated by this binding, since Nop9p binds the tRNA substrate 
equally as well. 
4.7 Discussion 
The advent of large-scale affinity purification techniques provided the means by 
which numerous, novel, trans-acting factors required for ribosome biogenesis were 
identified. However, many factors required for the maturation of ribosomal subunits, 
including many of the nucleases, have failed to be isolated with pre-ribosomal 
particles. This suggests that factors which transiently or weakly associate with pre-
ribosomes have failed to be identified by current affinity-purification methods. 
Yjl010cp/Nop9p was not previously shown to associate with pre-ribosomes. 
However, the data presented here establishes that Nop9p is a component of 90S and 
early pre-40S ribosomal particles and plays a role in their assembly. Sucrose density 
gradient analysis and co-immunoprecipitation both confirm the association of Nop9-
TAP with 35S and 20S pre-rANA. This finding supports the association of Nop9p with 
90S and pre-40S particles. The inference that Nop9p is a component of pre-
ribosomal particles is only partly corroborated, as association has been shown with 
the pre-rRNA component but not the protein component. Identifying the protein 
compositions has proven problematic and the protein composition of Nop9p 
associated 90S and pre-40S particles remains to be characterised. 
The 90S pre-ribosome is associated with a large number of trans-acting ribosome 
synthesis factors, but few of these are retained in the later pre-40S particles. The 
finding that Nop9p associates with both 90S and pre-40S particles indicates that 
additional factors are retained during this transition. Such factors may only associate 
in a transient manner. 20S pre-rRNA is generated in the nucleolus, but is rapidly 
exported to the cytoplasm, where its maturation to 18S rRNA is completed. Nop9p 
localised solely to the nucleolus. This suggests that Nop9p does not accompany the 
pre-40S particles to the cytoplasm, consistent with a transient association. 
Depletion of Nop9p from a GAL::3HA-nop9 strain resulted in a delay in the early 
cleavages at A0, A 1 , and A2. This caused an accumulation of 35S pre-rRNA and 
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multiple downstream effects. A defect in early cleavages results in a failure to 
synthesise lBS rRNA, while the 25S and 5.8S rRNA species synthesis continues. 
Alternative processing of the 35S at the A 3 site within ITS1 occurs when A 0, A 1 and A 2 
are inhibited, resulting in an accumulation of the 23S rRNA species. However, the 
fate of the 23S rRNA remains unclear. 23S pre-rRNA is a substrate for the nuclear 
TRAMP/exosome surveillance system (LaCava et al., 2005), although it is possible 
that some fraction of the 23S rRNA is matured to 185 rRNA. Under conditions where 
60S synthesis occurs without cleavage at sites A 0, A l or A2 , it remains unknown how 
the ratio of 5.8SL ::5.8SS remains constant. Production of 5.8S L has been shown, in 
mutant strains where 5.8SL  is overproduced, to proceed via cleavage of 27SA 2 at 
B1 L , generating a 3' ITS1 fragment stretching from A2 - 13IL (Faber et al., 2006). 
Efficient processing at B1 L, when 27SA2 is no longer produced, must still occur 
efficiently to preserve the 5.8SL::5.8S 5 . 
To study the localisation of pre-ribosomal particles, FISH was performed using a 
fluorescently labelled oligonucleotide probe that recognises pre-rRNAs. A probe 
complementary to the 5' region of ITS1 (between D-A 2) recognises 90S and pre-40S 
ribosomal particles. In WT cells this probe localises to both the nuclear and 
cytoplasmic compartments, but shows an enrichment in the sub-nuclear 
compartment of the nucleolus. On depletion of Nop9p a marked enrichment of the 
ITS1 signal occurs specifically in the nucleolus, (and does not leak into the 
nucleoplasm), coupled with a decrease in cytoplasmic levels, confirming that the 
transport of pre-40S particles from the nucleolus to the cytoplasm is inhibited. The 
population of pre-rRNAs that accumulate is likely to be heterogeneous, as both 35S 
and 23S rRNA species are shown to accumulate at the same time-point by Northern 
analysis. It is feasible that certain species retained in the nucleolus, such as the 23S 
pre-rRNA, are subject to surveillance and degradation. Specific enrichment of the 
ITS1 signal in the nucleolus suggests that a signal may be required for the release of 
pre-ribosomal particles from the nucleolus to the nucleoplasm, or that there is an 
active retention of precursors (possibly aberrant precursors, in the case on 23S 
rRNA) in the nucleolus for degradation. It is unlikely that Nop9p plays a direct role in 
retaining pre-40S and/or 90S in the nucleolus. We hypothesise that pre-ribosomal 
particles generated on depletion of Nop9p are aberrant and unsuitable for further 
processing, and are consequently retained in the nucleolus. 
Sequence analysis of Nop9p suggested that it might be capable of binding RNA. 
Indeed in vitro synthesised 35S labelled Nop9p is capable of binding homopolymeric 
nucleotides polyA and polyU. Additionally, binding assays were performed with 
natural RNA sequences, including the D-A2 fragment that forms the 3' region of the 
20S pre-rRNA, and a tRNA. The D-A2 fragment was selected since, affinity 
purification studies showed, Nop9-TAP precipitated 20S pre-rRNA but not mature 
18S rRNA. Nop9p binds to the in vitro transcribed D-A2 substrate, but displayed no 
binding preference for the pre-rRNA over the highly structured tRNA. The pre-rRNA 
substrate may not correspond to the correct in vivo substrate, or be incorrectly folded. 
Moreover, the authentic substrate is likely to be an RNA-protein complex and this 
may be important for high affinity binding. Alternatively, as the binding of Nop9p 
seems very good for all RNAs, it may be that in vivo specificity reflects a restriction of 
an otherwise promiscuous RNA binding activity. 
An interesting observation from the FISH performed with the probe against the ITS2 
region of pre-rRNA, is the apparent difference in localization of pre-rRNAs containing 
this region when grown under different carbon sources. In glucose containing 
medium, the signal from the ITS2 probe is localised predominantly to the nuclear 
compartment. This was expected, since maturation of both 5.8S and 25S rRNA are 
believed to be a nuclear event. However, in cells that have been grown solely in 
galactose containing medium, the ITS2 signal is found throughout the cells, with 
enrichment in the nucleus. This is very preliminary data, however, the localization 
pattern of ITS2 is reproducible in both the BMA38 WT strain and the GAL::3HA-nop9 
strain. Interpretation of this data is limited due to its highly preliminary nature, 
however suggestions can be made. In mammalian cells the proto-oncogene c-Myc 
has been implicated in the regulation of pre-rRNA processing. This role in processing 
has been separated from any role c-Myc plays in the transcription of the pre-rRNA 
(Schlosser et al., 2003). To date, no such factors have been implicated in the 
regulation of post-transcriptional steps in yeast pre-rRNA processing. It is possible 
that the difference in localization patterns seen for precursors grown in fermentable 




The role of Sdol p in ribosome biogenesis 
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5.1 Introduction 
From a study of mutants defective in RNA metabolism SDO1 was identified as being 
required for the processing of the 35S pre-rRNA transcript (Peng et al., 2003). 
Subsequently, Sdolp (Ylr022cp) has been found to interact with a number of 
ribosome synthesis factors, including Nop53p (Savchenko et al., 2005; Krogan et al., 
2006). Further evidence to suggest that Sdol p is involved in ribosome synthesis is 
the co-regulation of its expression with multiple proteins implicated in rRNA 
metabolism (Wu et al., 2002). Based on this preliminary data we believed Sdolp to 
be a ribosome synthesis factor and aimed to further characterise the role that it plays 
in the biogenesis of ribosomes. 
Sdolp is a conserved protein that has been identified in at least 159 species, 
including examples from archaeal and eukaryotic kingdoms (Boocock et al., 2006). 
The structure of the Archaeoglobus fulgidus homologue has been solved to 1.9 
Angstrom resolution, showing the protein to fold in a three-domain arrangement 
(Savchenko et al., 2005; Shammas et al., 2005). The conserved N-terminal forms a 
novel FYSH domain (fungal, HR087wp,wachman) domain, predicted to play a 
role in protein folding and stability, the C-terminal domain folds in a similar manner to 
a ferrodoxin fold and the central domain takes the form of a three helix bundle, which 
shares structural homology with the RNA recognition motif (RRM). Complementation 
studies carried out in Saccharomyces cerevisiae (Boocock et al., 2006) have shown 
that the conserved FYSH domain is interchangeable amongst eukaryotic species, 
while the central domain appears to function in an organism specific manner. From 
such complementation studies the C-terminal domain appears non-essential. The 
Dictyostelium homologue of Sdol p has been identified as an RNA-binding protein 
and homologues proteins in plants have been found to contain zinc-finger RNA 
binding domains (Wessels et al., 2006). 
The human homologue of SDO1, SBDS, encodes a protein mutated in hwachman- 
odian Diamond syndrome (SBDS). SBDS is a rare (approximately 1 in 76,000 
births) auto somal-recessive condition, where the majority of cases result from a 
mutation (183-184TA=CT) that introduces an in-frame stop codon, resulting in a 
truncated gene product (Boocock et al., 2003). This mutation is thought to be caused 
by recombination between the SBDS gene and a pseudogene, located some 5.8Mb 
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distally. The disease affects multiple systems and results in variable phenotypes. The 
primary features of this condition, identified in all cases of SBDS, are pancreatic 
defects, haematological abnormalities and a short stature. Approximately 98% of 
individuals with SBDS display signs of neutropenia (low white blood cell levels) that 
results in an increased susceptibility to infection. Additional haematological 
conditions have also been identified, including anaemia (low red cell count) and low 
platelet count (thrombocytopenia). Aplastic anaemia (under-production of all types of 
blood cells) can result in bone marrow failure. SBDS sufferers are highly susceptible 
to leukaemic transformation and approximately 25% of SBDS cases result in the 
highly aggressive acute myelogenous leukaemia. 
5.2 A small fraction of Sdolp co-sediments with pre-60S 
ri bosomes 
To determine whether Sdol p interacts with pre-ribosomal particles a C-terminal 
fusion between SDOJ and a TAP tag at the genomic locus was used (kindly provided 
by A. Fatica), expression of which remained under the control of the endogenous 
promoter. Growth of the tagged strain was indistinguishable from the otherwise 
isogenic wild-type indicating that the fusion protein is functional (data not shown). Go-
sedimentation of Sdol-TAP with pre-ribosomal particles was tested by fractionation 
of a cell lysate on a 10%50% sucrose gradient. Western blot analysis of gradient 
fractions showed that the majority of Sdol -TAP, detected using PAP antibody 
(Sigma), sedimented in light fractions (1-5) that may correspond to free Sdol-TAP 
and small complexes containing Sdol-TAP (Fig. 5.1A). Similar sized non-ribosomal 
complexes have been reported for several other ribosome synthesis factors (Dez et 
al., 2004; Horsey et al., 2004; Thomson & Tollervey, 2005). Northern hybridization 
revealed that a small fraction of Sdol-TAP co-sedimented with 27SA/SB pre-rRNA 
species (lane 12-14), consistent with its association with pre-60S particles (Fig. 5.1 
Aa and b). Sdol-TAP was largely absent from fractions containing pre-40S 
components, as judged by a lack of co-sedimentation of Sdol-TAP with 20S pre-
rRNA (lane 9-11). This suggests that any interaction of Sdolp with pre-ribosomes 
may be transient or weak. 
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Figure 5.1: Sdol p co-sediments with pre-60S ribosomes. (A) Cell lysate from a strain 
expressing Sdol-TAP strain was loaded on to a 10%-50% sucrose gradient. a. Western 
blotting using peroxidase anti-peroxidase (PAP) that recognizes the protein-A region of Sdol - 
TAP. b. Northern hybridization with oligo probe 020 that recognises the 27SA/27SB pre-rRNA 
components of pre-60S ribosomes. c. Northern hybridization with probe 004 against the 20S 
pre-rRNA component of pre-40S ribosomes. The positions of sedimentation of pre-40S, pre-
60S and 80/90S ribosomes are indicated. Fraction numbers are indicated, where 1 is the top 
gradient fraction and P is the pellet. (B&C) Northern analysis of RNAs co-precipitated with 
Sdol-TAP or from mock precipitated, untagged control strains. Cell lysates from a strain 
expressing Sdol-TAP were incubated with lgG sepharose and Sdolp containing particles 
were obtained by release from the prot A tag with TEV protease. ANA was prepared from 
total cell extracts (T) and Immunoprecipitated samples (IP). B. RNA was glyoxyl denatured, 
and separated on a 1.2% agarose gel to resolve high molecular weight species. C. To 
analyse low molecular weight species RNA was separated on a denaturing 6% 
polyacrylamide/8.3M Urea gel. In B+C Total RNA loaded corresponds to 2% of the amount 
used as input for immunoprecipitations. Following migration RNAs were transferred to a nylon 
membrane and hybridised with the 5' labelled oligonucleotide probes shown in parenthesis on 




Affinity purification of Sdol -TAP was performed to clarify the nature of its association 
with pre-ribosomes (Fig. 5.1 B+C). Cell extracts from Sdol-TAP and untagged 
control strains were incubated with lgG sepharose beads and Sdol-TAP associated 
particles were obtained via cleavage of the linker between the prot A tag and the 
body of the protein by TEV protease. Following cleavage, RNA bound to Sdol-TAP 
was extracted and subject to Northern analysis. The same amount of total protein 
was used for each IP and equal amounts were loaded for total extract. However 
different amounts of ANA appear to be loaded in the Sdol-TAP precipitation 
compared to the untagged control precipitation. This could have occurred due to poor 
disruption of the WT control strain compared to the Sdol -TAP strain. An alternate 
explanation may be that nucleolus and/or nucleus in the Sdol -TAP strain is more 
easily disrupted than the untagged control strain. Additional exposures, where the 
intensity of the untagged controls "total" signal is approximately equal to the Sdol - 
TAP "total", are included for each pre-rRNA and rRNA panel (Fig. 5.1 B panel au, bil, 
cii, dii, eii and C panel au, bii and cii). Affinity purification of Sdol -TAP particles failed 
to show significant precipitation of any pre-rRNA or rRNA species (Fig. 5.1 B panel a-
e and C panel a-c) consistent with the low levels of association of Sdol-TAP with 
pre-ribosomal particles seen in gradient analysis. Unexpectedly, Sdol p was found to 
co-precipitate members of the H/ACA snoRNA family, snR30, snR36 and snR42 (Fig. 
5.1 C panel e-g), but it did not precipitate the CID snoRNAs U14 or snR40 (Fig. 5.1 C 
panel h+i). This association perhaps partially explains the appearance of Sdol-TAP 
in the upper fractions of the gradient. H/ACA snoRNAs appear to be present in 
approximately the same abundance in the untagged control preparation compared to 
the Sdol-TAP lanes. All pre-rRNA, rRNA and C/D box snoRNAs species analysed 
appear to be under-represented in the control strain compared to Sdol-TAP, 
suggesting that H/ACA box snoRNAs are relatively under-represented in this 
immunoprecipitation. 
5.3 Sdol p is implicated in the synthesis of 5.8S pre-rRNA 
5.3.1 Characterisation of a conditional allele of SDO1 
SDO1 has been reported to encode a protein essential for cell viability. To 
characterize the role of Sdolp in ribosome synthesis an N-terminal 3HA-sdol fusion, 
under the control of the glucose repressible GAL  promoter, was constructed by one-
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Figure 5.2: Depletion of 3HA-sdol p inhibits cell growth. (A) Growth rate of the D270 wild-
type and GAL:.3HA-sdol strains were compared in medium containing galactose. WT grown 
in 2% galactose (blue) and GAL::3HA-sdol clone 9 grown in 2% galactose (red). (B) Growth 
rate of wild-type and GAL::3HA-sd6l clone 9 and clone 23 strains following a transfer from 
permissive galactose medium (YPGaI) to non-permissive glucose medium (YPD) for the times 
indicated, WT (blue), GAL::3HA-sdol clone 9 (red) and clone 23 (yellow) shifted to YPD. Cells 
were maintained in exponential growth throughout the time course by addition of pre-warmed 
medium. The value of the OD takes into consideration any dilution factor. (C) Western 
analysis of 3HA-Sdolp depletion (from GAL:.3HA-sdol clone 9). 3HA-Sdolp was decorated 
with rabbit anti-HA primary antibody, which was subsequently detected using anti-rabbit lgG 
linked to horseradish peroxidase. 
On galactose containing complete medium the growth rates of the GAL::3HA-sdol 
strain and otherwise isogenic wild-type were almost identical showing the HA-tagged 
protein to be functional (Fig. 5.2A). However, following transfer to glucose containing 
medium growth of two independently isolated clones of GAL::3HA-sdol (clone 9 and 
23) slowed progressively after 4 hrs (Fig. 5.213). Western blot analysis shows that the 
abundance of 3HA-sdolp is strongly reduced after 4 hrs on glucose media and that 
depletion is complete following 8 hrs (Fig. 5.2C). 
5.3.2 Synthesis of 5.8S rRNA is delayed in Sdolp depleted cells. 
Ribosome synthesis in the Sdolp-depleted strain and equivalent wild-type, was 
assessed by pulse-chase labelling with [8- 3H] adenine 8 hrs after shifting the cells 
from SG-Ade medium to SD-Ade medium. Following 2 min of pulse labelling using 
tritiated adenine, a large excess of unlabelled adenine was added to the culture. The 
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Figure 5.3: Depletion of Sdol p inhibits pre-rRNA processing. Wild-type and GAL::3HA-
sdol (cloneg) strains were transferred to glucose containing medium for 8 hrs and then pulse 
labelled with [8- 3H] adenine for 2 mm, followed by a chase with a large excess of cold adenine 
for the times indicated. (A) High molecular weight RNA was glyoxyl denatured and resolved 
on a 1.2% agarose gel. (B) Low molecular weight RNA was separated on a 6% 
polyacrylamide/8.3M Urea gels. In A and B, panel (a) shows the same exposure for the wild-
type and GAL::3HA-sdo1 samples, while panel (b) shows a 3-fold longer exposure of the 
GAL:.3HA-sdol samples. 
adenine + 1 minute (the time taken to process the sample). For the Sdol -depleted 
strain, [3 H] adenine incorporation into pre-rRNA was reduced approximately 3-fold 
(estimated from the relative exposures required to give approximately equal signals 
for the wild-type and Sdol p-depleted samples). 
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Analysis of the high molecular weight RNAs (Fig. 5.3 A panel a+b) revealed that the 
35S pre-rRNA persisted until late time points. However the products of early 
cleavages, the 27SA 2  pre-rRNA5 and 20S pre-rRNA species, appeared with 
relatively normal kinetics compared to the wild-type. The 23S rRNA species, 
produced by direct cleavage of the 35S pre-rRNA at A. also appears, but this was not 
accompanied by a corresponding reduction in 20S pre-rRNA, as would have been 
anticipated. Both the 25S and 18S rRNA species appear with normal kinetics 
following the depletion of Sdolp. The analysis of low molecular weight RNAs (Fig. 
5.3 B panel a+b) showed that the synthesis of the mature 5.8S rRNA was inhibited, 
with some persistence of the 7S pre-rRNA species, whereas the independently 
transcribed 5S rRNA appeared with normal kinetics. 
5.3.3 Sdolp is required for synthesis of 5.8S rRNA 
To examine steady-state levels of precursor and mature rRNA5 throughout the 
depletion of 3HA-sdolp, total RNA was extracted and subjected to Northern 
hybridization and primer extension analysis. Total ANA was extracted during growth 
on galactose containing medium and at time points following transfer to glucose 
containing medium. This analysis was performed in the two independently isolated 
GAL::3HA-sdol clones, 9 and 23. 
Analysis of low molecular weight pre-rRNA species show that depletion of Sdol p in 
both GAL::3HA-sdo 1 clones cause 6S pre-rRNA levels to fall and levels of the mature 
5.8S rRNA to correspondingly decrease (Fig. 5.4 C panel c+d). However, the 
decrease in levels of 6S pre-rANA did not lead to a substantial accumulation of 7S 
pre-rRNA (Fig. 5.4 C panel b). This defect in maturation from 7S pre-rRNA to 6S pre-
rRNA is consistent with pulse chase data (Fig. 5.3 B panel a+b). The cleavage of 
27SBIL and 27SB1 pre-rRNAs at C 2 , which generates 7S and 26S pre-rRNA species, 
appears to proceed efficiently in the absence of Sdol p as no decrease in levels of 
mature 25S rRNA can be seen (Fig. 5.4 A panel d). Analysis of low molecular weight 
RNAs also shows that snR30, a H/ACA snoRNA, accumulates approximately two-
fold on depletion of Sdol p, relative to the 5S rRNA (Fig. 5.4 C panel g). 
Primer extension analysis was performed using a labelled oligonucleotide (006) that 
hybridises within ITS2, just downstream of the C 2  cleavage site. Consistent with the 
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Figure 5.4: Sdolp is required for normal pre-rRNA processing. Total RNA was extracted 
during growth on galactose medium (Oh time point) and at intervals following transfer to 
glucose medium. The same RNA preparations were used for each analysis (A) Northern 
analyses of high molecular weight ANA species resolved on a 1.2% agarose gel following 
glyoxyl denaturation. (B) Primer extension analysis utilizing an oligonucleotide that hybridized 
within the mature 25S rRNA, 40nt from the 5' end (oligo 007). Pre-rRNA processing sites are 
indicated, with the corresponding pre-rRNA species indicated in brackets. Panel B a, b and c 
are taken from the same gel, but with different exposure times: (a) 2.5 hrs (b) 10 hrs and (C) 1 
hr. (C) Northern analyses of low molecular weight RNA species on a 6% polyacrylamide/8.3M 
urea gel. 4ig of total RNA was used in Northern analyses and the hybridization probes are 
indicated on the left in parenthesis. 
be seen (Fig. 5.4 B panel a) following depletion of Sdolp. A slight increase in the 
incidence of stop at the A 3  (Fig. 5.4 B panel b) showing the abundance of 27SA3 was 
seen. Both the long and the short 27SB pre-rRNA species accumulated moderately 
as shown by an increase at the stop sites at BIL and B1 (Fig. 5.4 B panel c), however 
no alteration in the ratio of B1L::B1S is seen. Together primer extension data suggests 
that while there may be a moderate delay, processing in ITS1 continues in the 
absence of Sdolp. 
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Both GAL::3HA-sdo1 clones displayed an accumulation of the 35S pre-rRNA 4 hrs 
following the shift to glucose containing media (Fig. 5.4 A panel a). An increase was 
also observed at this time point in the WT strain, due to the nutritional up-shift, 
following the shift from the non-fermentable galactose containing media to the 
fermentable glucose containing media. However, in the GAL::3HA-sdol strain the 
level of 35S pre-rANA remained high during even prolonged growth in glucose, in 
contrast to wild-type, suggesting that there was a delay in early cleavage of the 35S 
pre-rRNA. The accumulation of the 35S pre-rRNA species is a very common 
phenotype in all mutants with defects in ribosome synthesis, reflecting a delay in the 
early cleavage steps. However, cleavages at A 0, A 1 and A2 appear to proceed in the 
Sdol p depleted strain as the products of these cleavages, 33/32S, 27SA 2 and 20S 
accumulated normally (Fig. 5.4 A panel a+e). A common consequence of 35S pre-
rRNA accumulation, and a delay in early cleavages, is the appearance of the 23S 
rRNA species that results from direct cleavage of 35S pre-rRNA at A 3. Indeed 23S 
rRNA does accumulate on depletion of Sdolp, commencing 8 hrs following shift to 
glucose containing medium (Fig. 5.4 A panel a+b). A 22S rRNA species, stretching 
from A0-A3, also accumulates on depletion of Sdolp (Fig. 5.4 A panel a+b). 22S 
rRNA is synthesised by cleavage at A0 in the 5'ETS prior to, or following, cleavage at 
A3 . 33S pre-rRNA does not accumulate, suggesting that processing at A 1 does not 
suffer and supporting the model that 22S rRNA results from cleavage of 23S rRNA. 
The increase in cleavage at A 3 is not at the expense of A2 cleavage, suggesting that 
processing supported the continued production of 18S rRNA. Indeed, neither the 
level of 20S pre-rRNA nor 18S rRNA were clearly affected when Sdol p was depleted 
(Fig. 5.4 A panel e+f). A delay in processing of the 35S pre-rANA and premature 
cleavage at A3  is commonly observed in mutants defective in the synthesis of the 
large ribosomal subunit, likely due to secondary effects (Venema & Tollervey, 1999). 
The fact that the levels of 27SA 2 and 20S are maintained leads to an interesting 
question as to the origin and fate of the 23S rRNA. It is believed that in normal WT 
cells a fraction of transcripts, although it is not clear exactly what fraction, are subject 
to cleavage at A3 prior to cleavage at A0, A 1 and A2. It is feasible, but not 
experimentally verified, that this 23S rRNA gets productively processed into 18S 
rRNA in the wild-type. An alternate fate of 23S rRNA is polyadenylation and 
subsequent degradation by the exosome (Allmang et al., 2000; Kuai et al., 2004). In 
an rrp6ii strain, polyadenylated 23S rRNA accumulates due to the inability of the 
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nuclear exosome to degrade the polyadenylated RNA (LaCava et al., 2005) and Fig. 
5.5 a). It is therefore possible that the increase in 23S rRNA, seen on depletion of 
Sdolp, is a consequence of a failure in the degradation pathway, and not due to an 
increase in synthesis of 23S rRNA. Indeed, the degradation of 23S rRNA is not 
apparent, as it accumulates over the time-course of Sdol p depletion. As described in 
the introduction and Chapter 3, rRNA species that are targeted for degradation are 
subject to polyadenylation via the TRAMP system. The polyadenylation status of the 
23S rRNA species, which accumulate in the absence of Sdol p was therefore 
assessed by enriching the polyA RNA fraction from total RNA extracted from WT 
and GAL::3HA-sdol cells, grown on galactose and for 4, 8 or 12 hrs on glucose. 
Polyadenylated PGK1 mRNA (Fig. 5.5b) is strongly enriched in the bound fraction 
from both WT and Sdol p depleted cells. In contrast, there appears to be no 
accumulation of polyadenylated 23S rRNA (Fig. 5.5a) in cells depleted of Sdolp. This 
suggests that the 23S rRNA that accumulates on depletion of Sdol p is not efficiently 





















Figure 5.5: 23$ pre-rRNA is not polyadenylated following Sdolp depletion. 100tg of 
total RNA from WT and GAL.:3HA-sdol (clone 9) strains grown on galactose or on glucose 
for the times indicated were subject to oligo (dT) selection. The bound fraction (polyA), the 
unbound fraction (polyA) and total RNA were analysed by Northern hybridisation following 
separation on a 1.2% denaturing agarose gel. Oligonucleotide probes used for hybridization 
are shown in parenthesis on the left. 50% of bound fraction (polyA) was run on each gel and 
2% of RNA from total and equivalent from the unbound (polyA) fraction is loaded. It should be 
noted that the wild-type polyK sample from the 12 hrs time point is degraded. 
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5.4 Discussion 
The data presented here suggests that Sdol p is required for optimal functioning of 
the pre-rRNA processing machinery, notably in the synthesis of 5.8S rRNA. Sucrose 
gradient analyses and affinity purifications suggest a very transient or unstable 
association of Sdol p with pre-ribosomal particles. However, affinity purification did 
demonstrate that Sdol p co-precipitated members of the H/ACA snoRNP family. 
Depletion of Sdolp under the control of a glucose repressible GALl promoter, 
inhibited the synthesis of the 5.8S rRNA from 7S pre-rRNA. The phenotype seen on 
depletion of Sdolp is not akin to that seen on depletion of a core exosome 
component, since no intermediate 3' extended forms of 5.8S rRNA accumulated. 
Precursors that accumulate in response to other defects in the processing pathway 
are targeted for rapid degradation by the TRAMP/exosome system. While 5.8S rRNA 
synthesis appears to be retarded, 18S and 25S rRNA synthesis appear to proceed 
unhindered. This is interesting as the majority of ribosome biosynthesis mutants that 
show a defect in 5.8S synthesis show a corresponding aberration in the maturation of 
25S rRNA, suggesting that maturation of the 2 species is normally closely linked. 
Depletion of Sdol p shows that these maturation events can be separated. 
The aberrant 23S rRNA accumulates extensively, on depletion of Sdolp, and 
appears to be inefficiently targeted for polyadenylation and degradation. This 
supports the idea that 23S pre-rRNA can be processed into 18S rRNA, on depletion 
of Sdolp. While processing and assembly of pre-40S particles appears to proceed 
normally, 40S particles synthesised from 23S rRNA are perhaps subtly different from 
those generated by the "normal" 20S pathway. This could lead to minor differences 
in the translational activity or 80S assembly. 
An unexpected feature of Sdolp, was its apparent interaction with snoRNA 
molecules of the H/ACA family. Co-precipitation was seen for snR30, snR36 and 
snR42. However, depletion of Sdol p resulted in a mild accumulation of the H/ACA 
snoRNA, snR30 presumably showing that Sdolp does not play a crucial role in 
snoRNA maturation. The implications of this phenotype for a potential role of snoRNP 
mediated pseudouridylation of pre-rRNA has yet to be explored, but a number of 
possibilities can be envisaged. Global levels of pseudouridylation could be affected in 
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the absence of Sdol p. Pseudouridine residues have the potential for additional 
hydrogen-bonding relative to uridine, suggesting that the modification affects the 
overall stability of the ribosome. The requirements for pseudouridylation in the 
processing of pre-rRNA and in the assembly of pre-ribosomal particles remains 
unclear, but it seems unlikely that this is directly responsible for the defects in the 
synthesis of 5.8S rRNA, as no residues within 5.8S rRNA are subject to 
pseudouridylation (Decatur & Fournier, 2002). A lack of pseudouridylation elsewhere 
could conceivably alter the structure of pre-60S ribosomal particles, so that the 
maturation of 5.8S rRNA is inhibited. It is also possible that some alteration in the 
function of snR30 could account for the delay in the early processing of 35S pre-
rRNA, as snR30 is required for processing at sites A 1 and A2 (Morrissey & Tollervey, 
1993), but has no known target for pseudouridylation formation. 
Sdol p was initially identified as an essential protein in the systematic deletion project 
in Saccharomyces cerevisiae (Winzeler et al., 1999), however, recently it has been 
reported that SDO1 is dispensable for the survival of yeast cells (S Ellis per.com ). 
This shows that in yeast cells, although there are anomalies in ribosome biogenesis 
at least some mature ribosomes must still be synthesized in the absence of Sdol p. It 
is therefore possible that depletion of Sdolp causes a subtle defect in ribosome 
biogenesis, for example in rRNA modification or subunit assembly. Such defects may 
cause a reduction in the level and translational accuracy of the ribosomes generated 
in the absence of Sdolp. 
The human homologue of Sdolp encodes a protein implicated in the human disease 
Shwachman-Bodian Diamond syndrome. Very few proteins required for ribosome 
synthesis have been implicated in human disease. This is presumably due to the fact 
that the majority of defects that abrogate rRNA processing and ribosome assembly 
are lethal. However, the SBDS protein is not the only factor implicated in bone 
marrow failure conditions that has been shown to play a role in ribosome biogenesis. 
A number of rare congenital conditions resulting in bone-marrow anomalies, including 
Diamond- blackfan anaemia (DBA), cartilage-hair hypoplasia (CHH), and X-linked 
dyskeratosis congenita (X-DC) are predicted to be involved in some aspect of 
ribosome biogenesis (Liu & Ellis, 2006). In CHH patients, mutations have been 
identified in the RMRP gene that encodes the non-translated RNA component of the 
human RNase MRP complex, while DBA is the only human disease where a 
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mutation in a ribosomal component (RPS19) has been identified. X-linked 
dyskeratosis congenita (X-DC) is caused by a single point mutation in the 
pseudouridinesynthase, DKC1. Ribosomes in X-DC patients are hypo-modified and 
DKC1m mice are defective in the translation of a specific subset of mRNA5 containing 
internal ribosome entry sites (IRES) (Yoon et al., 2006). It remains to be determined 
whether the primary defects in SBDS and the other bone-marrow failure conditions 
result from subtle defects in the translation of a subset of mRNA5, like that of X-DC. It 
is also unclear whether defects in ribosome synthesis are solely responsible for these 
bone marrow deficiencies, as additional cellular anomalies have been described for 
each factor. A role for the Dictyostellum homologue of SBUS in chemotactic 
response has been suggested (Wessels et al., 2006), and indeed leukocytes of 
SBDS patients are reported to display a chemotactic defect (Stepanovic et al., 2004). 
It is notable that while each of these conditions has pleitropic phenotypes, they all 
result in different forms and seventies of bone-marrow failure. The production of 
blood cells requires the maintenance of very high levels of protein production. Even a 
minor defect in ribosome biogenesis, which results in the reduced synthesis of 
functional ribosomes or a decrease in the efficiency of translation, might therefore 
prove catastrophic for such cells. The aberration in ribosome biogenesis may 
provoke the disease via indirect effects rather than be the direct cause of it. 
Moreover, if ribosome biogenesis is defective a strong selective pressure may be 
introduced for mutants with increased rates of ribosome synthesis. It can be 
envisaged that mutations may occur in regulatory factors of ribosome biogenesis- for 
example, the de-regulation of oncogenic factors such as Akt (Ruggero & Sonenberg, 
2005), which stimulates translation and up-regulates ribosome biogenesis. It is 





The aim of this work was to contribute to the understanding of how functional 
ribosomes are synthesised. This thesis describes the roles that 3 previously 
uncharacterised proteins, Nop53p, Nop9p and Sdol p, play in the biogenesis of 
ribosomes. The identification and characterisation of these 3 proteins, and the finding 
that they are each involved in ribosome biogenesis, suggests that the identification of 
trans-acting factors implicated in the biogenesis of ribosomes remains far from 
complete. Characterisation of the nucleolar proteome from mammalian and plant 
cells has identified over 700 proteins, of which over 100 are functionally 
uncharacterised (Andersen et al., 2002; Pendle et al., 2005). It remains to be 
determined how many of these proteins are involved in ribosome biogenesis, but 
comparison to yeast suggests that a large number of human ribosome synthesis 
factors have yet to be characterised. 
6.1 Ribosome assembly and surveillance 
Cells expend an enormous amount of energy in ribosome synthesis. It is now evident 
that they also take great care to ensure that ribosomes are processed and 
assembled correctly. It had long been anticipated that eukaryotic cells would utilise a 
pre-rRNA surveillance system, which detects aberrant pre-ribosomes and targets 
them for degradation, preventing high levels of aberrant precursors from 
accumulating. Such a system for surveillance would prevent the synthesis of 
defective ribosomes and ensure the maintenance of translational fidelity. 
A surveillance system is required to recognise defective ribosomes and target them 
for degradation. Substantially more is known about how aberrant pre-rRNAs are 
degraded than how defects are detected. Pre-rRNAs trapped within aberrant pre-
ribosomal particles are known to be substrates for 3'-5' exonucleolytic degradation 
by the nuclear exosome (Alimang et al., 2000). In addition, analysis of strains, 
depleted of Rrp5p shows that a 5'-3' degradation pathway is also involved in the 
degradation of aberrant pre-rRNAs (Venema & Tollervey, 1996). The 5'-3' 
exonuclease activity involved is believed to be Rati p (Fang et al., 2005) however, 
this remains to be fully verified. Further components of the degradation system have 
recently been identified. Exosome-mediated degradation of pre-ribosomes requires 
the activity of the TRAMP complex which polyadenylates the pre-rRNA component 
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from defective pre-ribosomes. Polyadenylation of RNA is believed to make the RNA a 
better substrate by providing a single-stranded platform to which the exosome binds 
(LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). TRAMP activity 
therefore effectively targets aberrant pre-ribosomes for exosome-mediated 
degradation. In the best characterised example of this, a temperature sensitive allele 
of SDA 1 causes an aberration in pre-rRNA processing and results from the nuclear 
retention of pre-ribosomal particles, which become concentrated in the sub-nucleolar 
compartment termed the No-body (Dez et al., 2006). It has been suggested that this 
sub-nucleolar compartment represents a degradation body, which is a preferential 
site for TRAMP mediated pre-rRNA degradation. 
It is less clear how the surveillance machinery initially recognises aberrant substrates 
and distinguishes them from normal processing intermediaries. One possibility is that 
surveillance factors specifically detect, and are actively recruited to, each type of 
aberrant particle. However, this would require a highly elaborate system capable of 
identifying a multitude of defects. Each pre-ribosomal subunit contains over a 
hundred ribosomal and non-ribosomal proteins in addition to thousands of bases of 
rRNA, therefore the potential number of defects is enormous. It seems quite unlikely 
that any surveillance mechanism would have the ability to specifically identify so 
many different defects. A conceptually simpler model for the recruitment of the 
surveillance machinery would be through its recruitment in response to a kinetic 
delay in the assembly pathway. This mechanism would allow any aberration, which 
results in a delay in subunit assembly, to be identified irrespective of the nature of the 
defect. 
Either of these modes of recognition might rely upon changes in the subunit 
maturation pathway. It is known that the presence of the ETS and ITS spacer regions 
and their removal is required for correct assembly of ribosomal subunits. The 
complex system of pre-rRNA processing may provide a means by which the cell not 
only assembles a ribosome, but also recognises defective pre-ribosomes, before 
they reach a translationally competent state. It is possible that pre-ribosomes are 
continuously monitored through the course of the processing pathway. Alternately 
there may be specific steps in the assembly of a ribosome that act as checkpoints. 
Export of pre-ribosomal particles form the nucleus to the cytoplasm appears to be an 
important regulatory step in the synthesis of ribosomes. Nucleo-cytoplasmic transport 
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possibly acts as the last barrier that must be overcome for pre-ribosomes to escape 
from the reach of the nuclear surveillance system. Accurate processing of pre-rANA 
and ribosome assembly is a pre-requisite to gain export competence. Defective pre-
ribosomes unsuitable for export are retained in the nucleus, which result in a kinetic 
delay in subunit assembly which likely results in the recognition of the particles by the 
surveillance system. One possible model is that a subset of ribosome synthesis 
factors act to recruit the surveillance machinery if inappropriately retained on the pre-
ribosomes. Nop53p is a candidate to act in this way. 
Depletion of Nop53p causes a strong defect in pre-rRNA processing, resulting in a 
substantial accumulation of pre-ribosomal particles containing 7S and 258' pre-rRNA. 
Similar to depletion of core exosome components, depletion of Nop53p causes the 
accumulation of 7S pre-rRNA. However, only moderate laddering of 3' extended 
forms of 5.8S rRNA is seen, a phenotype which is seen strongly in exosome mutants 
(Ailmang et al., 1999a). This is combined with an accumulation in the 5.8S+30 pre-
rRNA species, a phenotype that is more akin to that seen on deletion of Rrp6p. 
Nop53p is not a component of the exosome, but there is evidence from large-scale 
affinity purification that Nop53p interacts with the exosome co-factor Dob1/Mtr4p 
(Krogan et al., 2006). Therefore Nop53p may act as a signal on the pre-ribosomal 
particle to recruit the exosome, via Dobl/Mtr4p, and allow processing of the 7S pre-
rRNA. This would potentially account for the exosome-like phenotype seen on 
depletion of Nop53p. 
The phenotype resulting from the depletion of Nop53p differs from that of most other 
ribosome synthesis factors in the unusual stability of the precursors that accumulate. 
The accumulated, nuclear-restricted, 7S pre-rRNA does not get polyadenylated and 
does not appear to be targeted to the No-body. This suggests that pre-rRNA which 
accumulates in the absence of Nop53p is resistant to degradation. It is anticipated 
that the surveillance machinery is recruited to aberrant ribosomes via adapter 
molecules we suggest here that Nop53p is such an adapter molecule. Supporting this 
hypothesis there is evidence from interaction data that Nop53p interacts with 
components of the surveillance machinery, including Trt4p and Dob1/Mtr4p (Ho et 
al., 2002; Krogan et al., 2006). Nop53p may constitute one of the first factors 
identified that is defective in the recruitment of the surveillance machinery. It is likely 
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that there are other adapter molecules, present on other pre-ribosomal particles that 
similarly act to recruit the surveillance machinery. 
In wild-type pre-ribosomes Nop53p may act to recruit both the processing and 
surveillance machineries, since in the absence of Nop53p there appear to be defects 
in both pathways. It is possible that the recruitment of both maturation and 
degradation machineries by a single adapter molecule occurs only for specific pre-
60S particles. Specifically, we hypothesise Nop53p recruits both machineries through 
the same component Dobl/Mtr4p. It may appear counter-intuitive that a factor 
required for efficient maturation of pre-rRNA would also be responsible for 
recruitment of the surveillance machinery. However, this may provide a mechanism 
for the tight coupling between the maturation and surveillance processes. 
It is interesting to note that the human homologue of Nop53p, GLTSCR2, is predicted 
to encode a glioma tumour suppressor (Smith et al., 2000; Okahara et al., 2004). The 
absence of GLTSCR2 may allow the integrity of pre-ribosomal subunits to go 
unchecked, which could potentially allow the generation of defective ribosomes. This, 
in turn, could result in defects in translation, which has been proposed to be a 
contributing factor in cellular transformation (Ruggero & Pandolfi, 2003; Amsterdam 
et al., 2004; Ruggero & Sonenberg, 2005). 
6.2 Transiently interacting components of pre-ribosomal particles. 
The identification and characterisation of the factors Nop9p and Sdolp led to the 
identification of 2 new trans-acting factors required for the synthesis of ribosomes. 
These factors were not identified as being components of pre-ribosomal particles in 
large-scale affinity purifications, but we considered them likely candidates based on 
analysis of other databases. Detailed analyses of both proteins confirmed that 
interaction with pre-ribosomal particles is indeed either transient or weak. Nop9p is 
involved in the synthesis of the small subunit, whereas Sdolp is required for the 
optimal assembly of the large subunit, strongly suggesting that further factors 
required for the biogenesis of both ribosomal subunits await discovery. Particularly 
the discovery of an additional pre-40S associated factor, Nop9p, suggests that the 
maturation of pre-40S particles is more complex than has been predicted up until 
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now. Moreover, other proteins, encoded by YOR287c and YCRO16w, have been 
preliminary characterised and also appear to be required for the synthesis of 18S 
rRNA. It appears that while the advent of affinity purification techniques allowed the 
discovery of many ribosome synthesis factors, a further technological advance in the 
purification of intact pre-ribosomes will be required to determine the full complement 
of pre-ribosomal factors. 
On depletion of Nop9p, 18S rANA fails to be synthesised and an accumulation of 
pre-rRNAs occurs in the nucleolus. This suggests that Nop9p is required to generate 
pre-ribosomal particles that are sufficiently mature to be released from the nucleolus 
into the nucleoplasm. It remains to be determined how the intra-nuclear movement of 
pre-ribosomal particles is co-ordinated, and whether this is similar to nuclear export, 
where nucleolar release signals must be acquired and/or retention signals must be 
lost. 
Nop9p contains an RNA binding motif in the form of a pumillio like homology domain 
and has been shown to be capable of binding RNA in vitro. Many nucleolar proteins 
including those implicated in pre-rRNA processing have been shown to have RNA 
binding motifs, including RAMs, Zn fingers, Si, KH, RGG boxes and others. The role 
of all of these proteins and the sites on the pre-rRNA to which they bind remains to 
be established. However, it can be speculated that at least some of these proteins 
bind to the RNA at the core of pre-ribosomal particles, and their binding acts as a 
scaffold allowing the rest of the processing machinery to form. Many protein 
components of pre-ribosomal particles contain domains, including WD40, TPR, coiled 
coils and leucine zippers, which are predicted to mediate protein-protein interactions. 
This supports a scaffolding model of pre-ribosomal particle assembly. 
6.3 Ribosomes and disease 
Sdol p appears to interact with pre-ribosomal particles in a very transient manner or 
at significantly sub-stoichiometric levels. Depletion of Sdolp results in a defect in the 
synthesis of 5.8S rRNA but it remains to be established whether this is the primary 
defect. Surprisingly, Sdolp was found to co-precipitate members of the H/ACA 
snoRNA family, and depletion of Sdoi p resulted in some accumulation of snR30. The 
significance of the interaction of Sdol p and these snoRNAs and the effects of Sdoi p 
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depletion on the pseudouridylation status of the ribosomes remains to be 
established. 
The human homologue of Sdolp, SBDS, is implicated in the genetic disease 
Shwachman-Bodian Diamond syndrome (SBDS). This is typically characterised by 
bone-marrow failure and is also associated with a predisposition to cancer. SBDS is 
one of a number of bone-marrow failure conditions where the implicated proteins are 
predicted to play a role in ribosome biogenesis, including Diamond Blackfan anaemia 
(DBA) and cartilage-hair hypoplasia (CHH) and X-linked dyskeratosis congenita (X-
DC). The defects in ribosome biogenesis reported for each of these conditions, 
including those described here for Sdolp, appear relatively mild as would be 
expected otherwise the mutations would likely be lethal. 
X-linked dyskeratosis congenita (X-DC), is caused by mutation in the human 0KG 
gene, which encodes the pseudouridinsynthase Dyskerin that is responsible for 
H/ACA snoRNA directed rRNA modification. Ribosomes in a DKCm mouse model and 
in cells extracted from human patients are hypo-modified (Ruggero et al., 2003). 
Recently, it has been established that this hypo-modification causes a defect in the 
translation of specific mRNAs with a 5' leader sequence that contains an internal 
ribosome entry site (IRES) (Yoon et al., 2006). Translation initiation via the IRES is a 
mechanism by which cells allow translation of specific mRNAs because of unique 
RNA sequences in their 5' untranslated regions (UTA), which recruit ribosomes. 
Messages containing such elements include the murine tumour suppressor p27, 
underexpression of which could promote transformation of cells. It remains unclear 
why hypo-modification specifically prevents translation of IRES-containing messages. 
However, it has been suggested that IRES-containing mRNAs require more 
extensive interactions with the ribosome and that hypo-modification of the rRNA core 
of the ribosome could generate sub-optimally folded ribosomes, which might inhibit 
interactions with IRES elements. 4 mRNAs containing IRES elements have been 
identified in yeast, the transcription activator Hap4p, the translation initiation factor 
eIF4G and the transcriptional activators TFIID and Yapip. DKC also associates with 
telomerase RNA, therefore the relative contributions of defects in ribosome function 
and telomere maintenance to the disease phenotype remain to be clarified. 
Interestingly, the telomeres in patients with SBDS are also reported to be shortened 
(Thornley et al., 2002). 
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The yeast Sdolp protein has been reported to localise to both the nuclear and 
cytoplasmic compartments of the cell. However the localization of the human 
counterpart has been reported to change in a cell-cycle dependent manner (Austin et 
al., 2005). In Gi and G2 the protein has been reported to localise throughout the cell, 
with a nucleolar enrichment. However, in S-phase the localisation is reported to shift 
throughout the nucleus. The shuttling of SBDS protein in and out of the nucleolus 
raises the possibility that its localization may play an important role in SBDS protein 
function. In yeast the localization of proteins involved in ribosome synthesis, including 
Nopl5p (Oeffinger & Tollervey, 2003), has been shown to change during the course 
of the cell cycle, suggesting that such proteins may play a role in linking ribosome 
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Nop53p is required for late 60S ribosome subunit 
maturation and nuclear export in yeast 
EMMA THOMSON and DAVID TOt IERVEY 
Well( ome Trust Centre for Cell Biology, University of Edinburgh, Edinburgh EH9 3JR,  Scotland 
ABSTRACT 
We report that Ypll46cp/Nop53p is associated with pre-60S ribosomal complexes and localized to the nucleolus and 
nucleoplasm. In cells depleted of Nop53p synthesis of the rRNA components of the 60S ribosomal subunit is severely inhibited, 
with strikingly strong accumulation of the 7S pre-rRNA and a 5' extended form of the 25S rRNA. In cells depleted of Nop53p 
pre-60S subunits accumulate in the nucleus. However, a heterokaryon assay demonstrated that Nop53p is not transferred 
between nuclei, indicating that it is not released into the cytoplasm. We conclude that Nop53p is a late-acting factor in the 
nuclear maturation of 60S ribosomal subunits, which is required for normal acquisition of export competence. The strong 
accumulation of preribosomes in the Nop53p-depleted strain further suggests that it may participate in targeting aberrant 
preribosomes to surveillance and degradation pathways. 
Keywords: nucleolus; ribosome synthesis; Saccharomyces cerevisiae; RNA surveillance 
INTRODUCTION 
The 80S yeast ribosome is composed of a large 60S subunit, 
containing the 25S, 5.8S, and 5S rRNA, and a small 40S 
subunit containing only the 18S rRNA species. The 18S, 
5.85, and 25S rRNA species are co-transcribed as a 35S 
polycistronic precursor in the nucleolus. The 35S pre-
rRNA undergoes a series of endonucleolytic cleavages and 
exonucleolytic processing steps to yield the mature species 
(see Fig. 1). This process has been extensively studied in the 
genetically tractable model organism Saccharornyces 
cerevisiae, and most intermediate steps are well characterized. 
Processing of the pre-rRNAs occurs within prerihosomal 
particles that contain, in addition to pre-rRNA and ribo-
somal proteins, a plethora of transacting processing, 
modification and assembly factors, most of which are 
essential for cell viability. These nonribosomal proteins 
form transient interactions with the preribosomal particles, 
generating dynamic structures with continuously changing 
protein compositions. Affinity purification techniques 
(Rigaut et al. 1999) have allowed the composition of several 
90S, pre-40S, and pre-60S complexes to be elucidated. The 
Reprint requests to: David Tollervey, Wellcome Trust Centre for Cell 
Biology, University of Edinburgh, Kings Buildings, Edinburgh E119 31R, 
Scotland; e-mail: d.tollervey@ed.ac.uk;  fax: 44-131 650 7040. 
Article and publication are at http://www.majournaLorgkgi/doi/  
10.1261 /rna.2720205.  
earliest complex identified corresponds to a 90S particle, 
containing the 35S rRNA precursor in addition to factors 
implicated in 40S synthesis (Dragon et al. 2002; Grandi 
et al. 2002). Pre-rRNA cleavage at site A,, within the 90S 
particle, gives rise to pre-60S and pre-40S particles. The 
pre-40S subunit is believed to then rapidly leave the 
nucleolus and traverse the nucleoplasm and nuclear pore 
complexes to the cytoplasm, where maturation is com-
pleted (Schafer et al. 2003). In contrast, the 60S subunit 
undergoes extensive rearrangement and processing within 
the nucleolus and nucleoplasm prior to its export to the 
cytoplasm. 60S maturation therefore takes longer than 40S 
synthesis, and more intermediate particles have been iden-
tified (BaISler et al. 2001; Harnpicharnchai et al. 2001; 
Saveanu et al. 2001; Fatica et al. 2002; Nissan et al. 2002; 
Saveanu et al. 2003). In both pathways, early particles are 
nucleolar, intermediate stage particles are nucleolar and 
nucleoplasmic, while late processing complexes are nucleo-
plasmic/cytoplasmic (for review, see Tschochner and Hurt 
2003). The transit of the maturing preribosomes through 
the nucleolus, nucleoplasm, and cytoplasm, may provide 
an important means to spatially and temporally separate 
the steps in ribosome assembly and processing, and to 
ensure that they take place in the prescribed order. 
Yp1146c/Nop53p was identified as a factor copurifying 
with components of the nuclear pore complex (Rout et al. 
2000), as were many other late-acting ribosome synthesis 
factors. Nop53p was subsequently purified as a component 
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FIGURE 1. The pre-rRNA processing pathway in Saccharotnyces 
cerevisiac. (A) The structure of the 35S rRNA precursor and locations 
of processing sites. The pre-rRNA encodes the 18S, 5.8S. and 25S 
rRNAs, which are flanked by the 5' and 3' external transcribed spacers 
(5'ETS and 3'ETS) and separated by internal transcribed spacers I and 
2 (ITS! and ETS2). (B) The pre-rRNA processing pathway. The 35S 
precursor is generated by co-transcriptional cleavage at site 13 0 within 
the 3'ETS. This is followed by endonucleolytic cleavages at Sites A 0 
within the 5'ETS, A 1 at the 5' end of the mature 18S rRNA and A 2 
within ITS]. Cleavage at A 2 separates the precursors to the 40S and 
60S subunits and generates the 20S and 27SA 2 pre-rRNA5. 20S is 
subsequently exported from the nucleus to the cytoplasm where 
maturation to 18S is completed. The 27SA 2 pre-rRNA follows one of 
two alternate pathways: around 85% is cleaved at the A 3 site within 
ITS2, followed by 5'-3' exonucleolytic processing generating the 27SB, 
pre-rRNA. The remaining 15% is processed at site 13 11 , which is 
located 8 nt 5' to 13 1 5, yielding the 27SB 1 , pre-rRNA. These two 
alternate forms of 27SB are cleaved within ITS2 at site C 2 , yielding 
26S pre-rRNA and the long and short forms of 7S. The 7S pre-rRNAs 
are converted to mature 5.8S f, and 5.8S s by a multistep 3' exonuclease 
pathway. Maturation of 26S to 25S rRNA similarly proceeds by a two-
step 5' exonuclease pathway. 
of a number of late pre-60S particles, including those 
defined by Ciclp, Nugip, Ipi2p, Sdalp, Arxlp, and 
Nogip (Bal3ler et at. 2001; Saveanu et at. 2001; Nissan 
et al. 2002). The early Ciclp-associated complex is localized 
to the nucleolar compartment, the Nugip complex is 
enriched in both the nucleolus and the nucleoplasm, 
while the later complexes defined by Ipi2 and Sdal are 
confined to the nucleoplasm. The most mature complex 
containing Nop53p, the Arxlp-associated particle, localizes 
to the nucleoplasm and cytoplasm. In addition, Nop53p 
was found to associate with Trf4p (Ho et at. 2002), a 
protein that was recently implitated in pre-rRNA surveil-
lance (LaCava et al. 2005; Wyers et al. 2005). 
Here we describe the role of Yp1146cp/Nop53p in the 
processing of rRNA precursors and nuclear export of pre-
60S ribosomal subunits. 
RESULTS 
Nop53p is a conserved protein of 52.55 kDa, the human 
honiolog of which encodes GLTSCR2, a predicted gliotna 
tumor suppressor (Smith et al. 2000). The protein has an 
unusual composition: Nop53p has 43% charged (DEHKR) 
residues (database average is 25%) and 39% hydrophobic 
(ACFGHILMTVWY) (database average is 57%). The pro-
tein is predicted to be largely -helical, with a strong 
predicted coiled-coil domain between residues 326 and 
360. It is likely to form horno- or heterodimers of the 
leucine-zipper type, Since it has three leucinc residues in 
this region with perfect heptad separation (M. Dlakic, pers. 
comm.). It seems quite unlikely that NopS3p has an enzy-
matic function, but it may form protein-protein interac-
tions that are important for the structures of the 
preribosomes. 
Nop53p associates with pre-60S particles 
Affinity purification of prerihosornal particles suggested that 
Nop53p might be a component of pre-60S particles. To 
confirm its association with preribosomal particles we used 
a C-terminal fusion between N0P53 and a TAP tag at the 
genomic locus (Ghaemniaghami et al. 2003), expression of 
which remained under the control of the endogenous pro-
moter. Growth of the tagged strain was indistinguishable 
from the wild type (data not shown), indicating that the 
fusion protein is functional. Co-sedimentation of Nop53-
TAP with prerihosomal particles was tested by fractionation 
of a cell lysate on a 10%-50% sucrose gradient. Western blot 
analysis of gradient fractions (Fig. 2A) showed that Nop53-
TAP sediments in two broad peaks. Northern hybridization 
(Fig. 213,C) reveals that the lower peak of Nop53-TAP co-
sediments with 27S pre-rRNA species (Fig. 213), consistent 
with its association with pre-60S particles. The slower sedi-
menting Nop53-TAP fraction may correspond to the free 
protein plus smaller complexes of ribosome synthesis fac-
tors. Similar sized nonribosomal complexes have been 
reported for several other ribosome synthesis factors (Fatica 
et al. 2002; Dez et al. 2004; Horsey et al. 2004). 
We also attempted to use Nop53-TAP to purify 
associated prerihosomes, but were unable to detect any 
coprecipitation of RNAs, suggesting that the tag is not 
accessible. 
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FIGURE 2. Nop53p co-sediments with pre-60S ribosomes. Cell lysate 
from a strain expressing Nop53-TAP was loaded on to a 10% to 50% 
sucrose gradient. (A) Western blotting using a peroxidase conjugated 
lgG (PAP) that recognizes Nop53-TAP. (B) Northern hyhridi7atlon 
with a probe against the 27SA/27SB pre-rRNA components of pre-60S 
ribosomes. (C) Northern hybridization with a probe against the 20S 
pre-rRNA component of pre-40S rihosomes. The positions of sedi-
mentation of pre-40S, 60S, and 90S particles are indicated. Fraction 
numbers are indicated, where 1 is the top gradient fraction and P is 
the pellet. 
Nop53p is required for pre-rRNA processing 
The YPLI460N01'53 ORF was initially reported to be 
essential in systematic deletion analyses (Winzeler et at. 
1999). To characterize the role of Nop53p in ribosome 
synthesis we therefore constructed an N-terminal 3HA-
nop53 fusion, under the control of the glucose repressible 
GAL] promoter, by one-step PCR (Longtine et al. 1998). 
Growth curves, RNA extractions, and Northern anal-
yses were performed for two independently isolated 
GAL::3HA-nop53 strains. Data are presented only for one 
strain, but very similar results were obtained from analyses 
of the second isolate (data not shown). On galactose con-
taining complete medium the growth rates of the 
GAL:: 3HA-nop53 strain and otherwise isogenic wild type 
were identical (data not shown). Following transfer to 
repressive, glucose medium, the growth rates of both 
strains were initially identical (Fig. 3A). However, growth 
of the GAL:: 3HA-nctp53 strain slowed progressively, com-
mencing 3 h after transfer to glucose. Residual growth was 
observed for the GAL::3HA-nop53 strain (12-h doubling 
time) even 24 h after transfer to glucose medium (data not 
shown). Western blot analysis (Fig. 313) shows that the 
abundance of 3HA-Nop53p is strongly reduced after only 
1 h on glucose media. It is possible that the N-terminal 
3HA tag may destabilize the protein leading to its rapid 
turnover. Growth of the GAL::3HA-nop53 strain was 
retarded on semipermissive, YPGRS medium (1% yeast 
extract, 2% bacto-peptone, 2% galactose, 2% raffinose, 
2% sucrose) that reduces the level of expression. 1 
apparently normal growth of the GAL::3HA-nop53 strtIi1 
on galactose may therefore be due to the overexpressitri 
that is often seen for GAL-regulated constructs during 
growth on galactose. 
Ribosome synthesis in the Nop53p-depleted strain was 
assessed by pulse-chase labeling with 8- 3H] adenine 1 h 
after glucose addition (Fig. 4). In the Nop53p-depleted strain, 
adenine incorporation into pre-rRNA was reduced approxi-
mately fourfold (estimated from the relative exposures  
required to give approximately equal signals for the wild-
type and Nop53p-depleted samples). Analysis of the high 
molecular weight RNAs (Fig. 4A) revealed that maturation 
of the 35S primary transcript and 32S pre-rRNA was mildly 
delayed, as shown by their persistence in later time points in 
the depleted strain and increased abundance relative to the 27S 
and 20S pre-rRNA compared to the wild type. Consistent with 
this, the appearance of the 27SA, 27SB, and 20S pre-rRNA also 
showed some delay. The most striking phenotype was the 
almost complete loss of synthesis of the mature 25S rRNA, 
whereas 18S synthesis continued. Analysis of low molecular 
weight RNAs (Fig. 4B) showed that the synthesis of the mature 
5.8S rRNA was also greatly inhibited, whereas the 5S rRNA, 
which is independently transcribed, was much less affected. 
Notably, accumulation of the 7S pre-rRNA was similar in the 
Nop53p-depleted and wild-type cells. Relative to the wild 
type, the level of the 7S pre-rRNA is substantially higher than 
that of the 27SB pre-rRNA, its immediate precursors (see 
Fig. IB). An experiment with longer pulse and chase times 
(Fig. 4C) showed that the accumulated 7S species persists over 
a long period, with very low levels of mature 5.8S synthesized. 
Steady-state levels of mature rRNAs and pre-rRNAs were 
also analyzed by Northern hybridization and primer exten-
sion during depletion of 3HA-Nop53p. Total RNA was 
extracted during growth on galactose medium (0-h time 
points in Fig. 5) and at time points following transfer to 
10 
o 
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FIGURE 3. L)cktioi 	11 I\-No1.53p rapidly inhibits cell growth. 
A) Growth rate of wild-type (diamonds) and GAL::3HA-nop53 
(squares) strains following a transfer from permissive galactose med-
ium to nonpermissive glucose medium for the times indicated. Cells 
were maintained in exponential growth throughout the time course 
by addition of prewarmed medium. (B) Western analysis of 3HA-
Nop53p depletion. 3HA-Nop53p was decorated with rabbit anti-HA 
primary antibody, which was subsequently detected using antirabbit 
lgG linked to horseradish peroxidase. 
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FIGURE 4. Depletion of Nop53p inhibits pre-rRNA processing. 
Wild-type and GAL:: 3HA-nop53 strains were transferred to glucose 
containing medium for I h and then pulse labeled with [8- 3H] 
adenine for 2 mm (A,B) or 5 mm (C), followed by a chase with a 
large excess of cold adenine for the times indicated. (A) High molec-
ular weight RNA was glyoxyl denatured and resolved on a 1.2% 
agarose gel. (B,C) Low molecular weight RNA was separated on 6% 
polyacrylamide/8.3 M Urea gels. In A and B, panel a shows the same 
exposure for the wild-type and GAL:: 3HA-nop53 samples, while 
panel b shows a threefold longer exposure of the GAL::311A-nop53 
samples. In C, the exposure shown for the GAL::3HA-nop53 samples 
is threefold longer than for the WT. 
glucose medium. Consistent with the pulse-chase data, 
depletion of Nop53p led to modest accumulation of the 
35S and 32S pre-rRNAs (Fig. 5Aa). This was combined 
with the appearance of a low level of the aberrant 
23S species (Fig. 5Ad), which is generated when cleavage 
at site A 3 precedes cleavage at sites A0, A 1 , and A 2 (see 
Fig. 113). These early cleavage steps are essential for the 
re- 
formation of the 20S pre-rRNA and the mature 18S 
rRNA component of the 40S ribosome. There was, how-
ever, little alteration in the levels of 20S pre-rRNA or 18S 
rRNA (Figs. 5Ad and e). A delay in these early cleavage 
steps is a common phenotype when factors required for 
60S synthesis are depleted, probably due to indirect effects 
(for review, see Venema and Tollervey 1999). Mild increases 
were seen in the levels of the 27SA 2 and 27SB pre-rRNAs 
(Fig. 5Aa,b), but the 7S pre-rRNA was much more dramat-
ically accumulated (Fig. 513a). Phosphorlmager quantifica-
tion 4 h after transfer to glucose medium, showed that the 
7S pre-rRNA is 12-fold more abundant in the Nop53p 
depleted strain than in the wild type (data not shown). 
Three forms of 3' extended 5.8S rRNA precursors exist in 
wild-type cells. The 7S pre-rRNA is extended to the C 2 
cleavage site within ITS2, while the 5.8S + 30 and 6S pre- 
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FIGURE S. Nop53p is required for rRNA processing. Total RNA was 
extracted during growth on galactose medium (0-h time points) and at 
intervals following transfer to glucose media. The same RNA prepara-
tions were used in each analysis. (A) Northern analyses of high molec-
ular weight RNA species resolved on a 1.2% agarose gel following 
glyoxyl denaturation. (B) Northern analyses of low molecular weight 
RNA species resolved on a 6% polyacrylamide/8.3 M urea gel; 4 Jig of 
total RNA was used in Northern analyses and the hybridization probes 
are indicated on the left in parentheses. (C) Primer extension analysis 
utilizing an oligonucleotide that hybridized within the mature 25S 
rRNA, 40 nt from the 5' end (oligo 007). Pre-rRNA processing sites 
are indicated, with the corresponding pre-rRNA species indicated in 
parentheses. Each panel is taken from the same gel, but with different 
exposure times: (a) 16 h, (b) 40 h, and (c) 6 h. 
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rRNAs represent intermediates in the 3' maturation of 7S to 
mature 5.8S rRNA. The increase in 7S levels was combined 
with a modest accumulation of the 5.8S + 30 pre-rRNA and 
the disappearance of the 6S precursor (Fig. 511a). This pat-
tern indicates that 3' processing of the 7S pre-rRNA by the 
exosome complex is inhibited, as is subsequent processing of 
5.8S + 30, which specifically requires the Rrp6p component 
of the nuclear exosome (Briggs et al. 1998; Allmang et al. 
1999). Short and long forms are detected for the mature 5.8S 
rRNA and its precursors, due to 5' end heterogeneity that 
results from the use of alternative processing pathways in 
ITS! (see Fig. LB). The ratios of long to short forms were 
unaltered during depletion of Nop53p (Fig. 513b). Little 
alteration was seen in the levels of the mature rRNAs during 
the time course analyzed, but these RNAs are stable and are 
depleted only slowly by growth. 
Primer extension analyses (Fig. SC) were performed 
using oligo 007, which hybridizes within the 25S region 
of the pre-rRNA (see Fig. 1A). Consistent with the 
Northern hybridization data, mild increases in the primer-
extension stops at sites A and B 1 were seen in the Nop53p-
depleted strain (Fig. 5Ca), reflecting accumulation of the 
27SA 2 and 27SB pre-rRNA5. The 27SA 3 pre-rRNA, which 
cannot be readily detected in Northern analyses, was accu-
mulated in the Nop53p-depleted strain, as shown by the 
stop site at A ) (Fig. SCa). Its level was, however, signifi-
cantly lower than those of the 27SA 2 or 27SB pre-rRNA, 
indicating that the delay in its maturation is modest. Pre-
rRNA cleavage at site C 2 generates both the 7S and the 2 
pre-rRNA species (Fig. 1B). A moderate accumulation of 
26S pre-rRNA was seen following depletion of Nop531l. 
together with the accumulation of a shorter 5' extendcd 
25S (25S') species identified by the C l ' stop. These obser 
vations show the inhibition of 5'-3' exonuclease processi ne. 
during the final stages of 25S maturation. In Figure 5C the 
exposure shown for the C 2 stop (Fig. 5Cb) is 6.5401d 
longer than for C l ' (Fig. 5Cc), indicating that the amount 
of accumulated 25S' pre-rRNA was substantially great , 1.  
than 26S. 
The 25S' pre-rRNA, which is 5' extended by ' 6 nucleo-
tides relative to the mature 25S rRNA, was previoud 
shown to be associated with late, nucleoplasmic pre-6 
complexes (Gadal et al. 2002; Saveanu et al. 2003). It seem 
likely that the accumulated 7S seen in Nop53p-depleted 
strains is associated with late pre-ribosomes that also con - 
tain the 25S' pre-rRNA. 
Nop53p is a nuclear protein required for the export 
of the large subunit 
To determine the localization of Nop53p, a construct 
expressing a C-terminal GFP fusion protein was integrated at 
the endogenous locus using a PCR strategy (Longtine et al. 
1998). The nucleolus was identified in fixed cells by indirect 
immunofluorescence using a mouse anti-Nopip antibody 
(Wu et al. 1998) and a goat antimouse alexafluor-555 conju-
gated secondary antibody. The nucleoplasm was visualized with 
DAPI. Nop53-GFP localized to both the nucleolus and the 
nudeoplasm (Fig. 6A). Additionally a halo of GFP appeared 
around the DAPI and Nop ip signals, possibly corresponding to 
the nuclear envelope and/or nuclear pore complexes. It was 
previously reported that Nop53p interacts with components of 
the nuclear pore complex (Rout et al. 2000). The pattern of 
Nop53-GFP localization would be consistent with association 
with late pre-60S particles. 
To ascertain whether Nop53p accompanies pre-605 
particles from the nucleus through the NPC to the cyto-
plasm a heterokaryon assay was performed. A strain 
expressing Nop53-GFP was crossed with a karl-I strain, 
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H, 
FIGURE 6. \jp 1, 	 ti, iii, jwoicoiws and nucleoplasm. 
.1 Nop5341P kcahzes to both the nucleolus and nucleoplasm. The 
nucleolus was visualized using an anti-Nopip antibody (Wu et al. 
1998), which was subsequently recognized by an Alexafluor conju-
gated secondary antibody. The nucleoplasm was visualized by DAPI 
staining. (B) Nop53p does not shuttle from the nucleus to the cyto-
plasm. Strains expressing Nop53-GFP, Garl-GFP, and Rrpl2-GFP 
were grown in '(PD media, mated with a karl-I mutant strain, and 
incubated at 25CC until heterokaryons formed. Localization of the 
GFP-tagged proteins in heterokaryotic cells is shown for (a) Nop53-
GFP, (1') Garl-GFP, and (c) Rrpl2-GFP. Cells are shown with DAN 
stained nucleoplasm. GFP and DAPI signals are also shown merged 
with DIC bright field images. Arrows indicate the positions of nuclei 
in the heterokaryons. 
www.rnajournal.org 	1219 
Thomson and Tollervey 
nuclear fusion, leading to heterokaryon formation (Vallen 
et al. 1992). Nop53-GFP was localized to only one of the 
nuclei in the heterokaryons (Fig. 613a), indicating that the 
protein does not actively shuttle between the nucleus and 
the cytoplasm. The characterized nuclear-cytoplasmic shut-
tling protein Rrpl2-GFP was found in both nuclei of the 
heterokaryon (Fig. 613c), while the nonshuttling nucleolar 
protein Garl-GFP was present in only one of the nuclei 
heterokaryons (Fig. 613b; Oeffinger et al. 2004). We co: 
dude that Nop53p dissociates from pre-60S particles pri 
to or during the process of export to the cytoplasm. 
To determine whether Nop53p is required for nudledi 
export of the large ribosomal subunit, the localization of the 
60S reporter construct Rpll lb-eGFP (Stage-Zimmermann 
et al. 2000) was analyzed in wild-type and GAL::3HA-
nop53 strains. Under permissive conditions RplIlb-eGFP 
was found throughout the cell in both wild-type and mutant 
cells (Fig. 7Aa,c). Following a shift to nonpermissive glucose 
media for 2 h, nuclear accumulation of the Rplllb-eGFP 
signal was visible in the GAL:: 3HA -nop53 strain (Fig. 7Ad), 
and by 4 h the accumulation was substantial (Fig. 7Ae). 
As shown in Figure 7B, nuclear accumulation of Rpll Ip-
GFP was observed in both the nucleoplasm (shown by the 
DAPI-stained region) and in the nucleolus (decorated by 
antibodies against the nucleolar marker Nopip). No 
accumulation of 40S particles was seen in the GAL:: 3HA-
nop53 strain as judged by the localization of Rps2p-eGFP 








The data presented here establish that Yp1146cp/Nop53p is a 
late-acting nuclear component of the 60S ribosome synthesis 
machinery. Sucrose gradient analyses showed the co-sedi-
mentation of Nop53-TAP with the 27S pre-rRNA compo-
nent of the pre-60S particles. Depletion of Nop53p under 
the control of a repressible GAL promoter severely inhibited 
the synthesis of the 25S and 5.8S rRNA components of the 
mature 60S subunits. In the absence of Nop53p pre-60S 
particles accumulate in the nucleus, as judged by the nuclear 
retention of the Rpll lb-eGFP reporter. These pre-60S par-
ticles are likely to also contain the 7S and 25S' pre-rRNAs, 
which were strongly accumulated in Nop53p-depleted 
strains. This indicates that the presence of Nop53p is 
required for pre-60S particles to attain export competence. 
Depletion or mutation of several different proteins inhibits 
both 60S subunit export and processing of 7S pre-rRNA to 
5.8S (Gadal et al. 2001a, 2002; Nissan et al. 2002; Galani 
et al. 2004; Oeffinger et al. 2004), although no previously 
characterized mutation resulted in the very high levels of 7S 
accumulation observed following depletion of Nop53p. 
Maturation of 7S pre-rRNA to 5.8S rRNA is reported to 
occur in the nucleoplasm (Nissan et aL 2002), indicating 
that it may be directly linked to the acquisition of export 
FIGURE 7. T.' 	-rd ii h 	i.r-tI.onii 	- \Iri Of 
the 60S subunit. (A) Wild-type and GAL::3HA-nop53 strains were 
transformed with a centromeric plasmid expressing Rpll lb-eGFP 
(shown in green). Cells were pregrown in galactose synthetic medium 
lacking leucine (a,c) and shifted to YPD for the times indicated 
(bA,e). Cells were fixed and stained with DA-PI to visualize the 
nucleoplasm (shown in red). (B) Wild-type (a) and GAL::3HA-
nap53 strains (b) containing pRpll lb-GFP (shown in green) were 
shifted to YPD for 4 h. The nucleolus was visualized using an anti-
Nopip antibody (shown in red), and nucleoplasm was stained with 
DAPI (shown in blue). 
competence, or to the export process itself: Studies in Xeno-
pus oocytes (Trotta et al. 2003) have also linked 3' matura-
tion of the 5.8S rRNA to 60S subunit export, suggesting that 
this is a conserved feature. 
While Nop53p is implicated in the nuclear export of pre-
60S subunits, a heterokaryon assay demonstrated that 
Nop53-GFP does not transfer between nuclei. This indi-
cates that Nop53p does not accompany pre-60S particles 
into the cytoplasm. We hypothesize that Nop53p mediates 
an interaction between the pre-60S particles and the 
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nuclear pore complex, consistent with the reported associa-
tion of Nop53p with nucleoporins (Rout et al. 2000). 
Nop53p may dissociate prior to subunit translocation 
through the lumen of the pore, or be rapidly released and 
reimported following emergence of the prerihosome on the 
cytoplasmic face of the NPC. 
It seems likely that an important quality control system 
monitors subunit integrity prior to export to the cyto-
plasm. Only pre-60S subunits that are accurately assembled 
and sufficiently mature gain export competence. Export to 
the cytoplasm is presumably an irreversible step that takes 
the subunits beyond the reach of the nuclear RNA surveil-
lance system, which appears to be more active than cyto-
plasmic surveillance. When the first mutants defective in 
subunit export were identified, it was assumed that the 
corresponding proteins functioned as components of the 
ribosomal subunit export machinery (Stage-Zimmermann 
et al. 2000). However, as the numbers of such "export fac-
tors" has grown, it has become increasingly unlikely that they 
all function directly in subunit export (Stage-Zimmermann 
et al. 2000; Bal3ler et al. 2001; Gadal et al. 2001a,b; Gleizes 
et al. 2001; Milkereit et al. 2001; OeffInger et al. 2002, 2004; 
Fatica et al. 2003; Kallstrom et al. 2003; Milkereit et al. 2003; 
Galani et al. 2004). Rather, many mutations may inhibit 
export because they generate preribosomes that are perceived 
to be defective by a surveillance system that monitors the 
export-competence of the subunits. 
N0P53 was initially reported to be essential for viability, 
based on a high-throughput screen. However, a very recent 
analysis found that a nop53t deletion strain is viable, 
although impaired in growth (Sydorskyy et al. 2005). The 
large majority of characterized yeast ribosome synthesis 
factors are essential for viability, and conditional mutants 
fail to synthesize one or more rRNA species under non-
permissive conditions. In most cases, they also accumulate 
only low levels of pre-rRNA, indicating that surveillance of 
preribosomes and degradation of pre-rRNAs are very active 
in yeast. This is in marked contrast to the situation in 
Escherichia coli, where ribosome synthesis is not known to 
be subject to surveillance activities. Mutations in ribosome 
synthesis factors are not lethal in E. coli, and generally lead 
to the accumulation of preribosornes and the synthesis of at 
least partially functional ribosomes (for review, see El Hage 
and Tollervey 2004). In this context, Nop53p is unusual 
among yeast ribosome synthesis and export factors, since 
its depletion resulted in a dramatic accumulation of the 7S 
pre-rRNA. This indicates that the aberrant pre-60S ribo-
somes accumulated in this background are not subject to 
rapid degradation. Moreover, since Nop53p is nonessential, 
functional ribosomes must be synthesized in its absence. 
These observations would be consistent with the model 
that the lethality of many ribosome synthesis factors is a 
consequence of active surveillance. 
The exosome complex of 3'-5' exonucleases is known to 
degrade aberrant pre-rRNAs that arise from the inhibition  
of processing (Allmang et al. 2000), and is a likely candi-
date to also degrade nuclear-restricted preribosomes. The 
exosome can be activated for RNA degradation in vitro and 
in vivo by the nuclear "TRAMP" complex (Trf4p, Air, 
Mtr4p polyadenylation complex) (LaCava et al. 2005; 
Vanacova et al. 2005; Wyers et al. 2005). This is 
comprised of a poly(A) polymerase Trf4p, a zinc-knuckle 
protein—either Airip or Air2p, which are functionally 
redundant—and the putative RNA helicase Mtr4p. Strains 
lacking components of the TRAMP complex accumulate 
the aberrant 23S pre-rRNA, which is a characterized sub-
strate for the nuclear exosome (Allmang et al. 2000; LaCava 
et al. 2005). This indicates that the TRAMP complex 
functions together with the exosome in the surveillance 
and degradation of defective preribosomes. Nop53p was 
previously identified as protein that coprecipitated with 
FLAG-tagged Trf4p (Ho et al. 2002), suggesting the 
possibility that Nop53p also participates in the recognition 
of aberrant preribosomes. This would offer a potential 
explanation for the observation that preribosomes lacking 
Nop53p appear to be unusually resistant to RNA surveil-
lance and degradation. 
MATERIALS AND METHODS 
Strains and microbiological techniques 
Standard procedures were used for the propagation and main-
tenance of yeast. A full list of strains used in this study can be 
found in Table I. YETI and YET2 were constructed using a one-
step PCR strategy (Longtine et al. 1998), during which transfor-
mants were selected for resistance to G418 and HIS prototrophy, 
respectively, and screened by PCR and immunoblotting. GAL 
conditional mutant and BMA38 wild type were transformed with 
pRpll lb-eGFP (kindly provided by P. Silver) to analyze the 
nuclear export of 60S subunit, and a pAde vector for pulse 
chase analysis. 
For depletion of GAL regulated Nop53p, cells were pregrown 
on permissive media containing 2% galactose harvested at various 
time intervals following a shift to nonpermissive media containing 
2% glucose. Strains containing pRplllb-eGFP were pregrown in 
galactose minimum media lacking leucine. 
Pulse chase analysis 
Metabolic labeling of pre-rRNA was performed as previously 
described (Tollervey et al. 1993) with the following modifica-
tions. The strains BMA38 and GAL::3HA-nop53 were trans-
formed with a plasmid containing ADE2 gene. Strains were 
pregrown in synthetic galactose medium lacking adenine, and 
transferred to synthetic glucose medium lacking adenine for 1 
h. Cells with an OD 00 0.4 were labeled with 8- 3 H adenine for 
2 or 5 mm, followed by a chase of excess cold adenine. One-
milliliter samples were spun down and cell pellets were frozen 
in liquid nitrogen. RNA was extracted and ethanol precipi-
tated. 
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TABLE 1. Yeast strains used and constructed in this study 
Strain Genotype Reference 
BMA38 MATa his3200,leu2-3, 112, ura3-1, trpl& ade2-1 Baudin et al 	1993 
YETI As BMA38 but KAN::GAL 1::3HA-yp!146c This study 
BY4741 MATa his31, 1eu20, mer15A0, ura3() Brachmarin et at. 1998 
Yp1146c-TAP As BV4741 but ypl146c-TAP:HIS Ghaemmaghami et at. 2003 
YET2 As BMA38 but yp1146c-eGFP::HIS This study 
YET3 As BMA38 but pRpIlIb-eGFP::LEU This study 
YET4 As YETI but pRS315Rpl1 lb-GFP::LEU This study 
VETS As BMA38 but pGarl-eGFP This study 
MS740 MAT(5 ade2-101, uraj-52, leu2-3, leri2-1 12, karl-I Vallen et at. 1992 
YM01 7 MATa; ura3-52;trpI;1eu2 	1;his3L200;ga12;ga1s 108RrpI2-eGFP::KAN Oeffinger et at. 2004 
YET6 As BMA38 but pAde This study 
YET7 As YETI but pAde This study 
RNA extraction, Northern hybridization, and 
primer extension 
RNA was extracted as previously described (Tollervey and Mattaj 
1987). For high molecular weight RNA analysis 4 p.g of total 
RNA was glyoxyl denatured and resolved on a standard 1.2% 
agarose gel, as previously described (Sambrook and Russell 
2001). Low molecular weight RNAs and primer extension prod-
ucts were resolved on standard 6/o Acrylamide/8.3 Ni urea gels. 
Primer extension reactions were carried out on 4 pg of total RNA 
as previously described (Beltrame and Tollervey 1992). 










Sucrose gradient analysis 
Sucrose gradient analysis was performed on a 10% to 50916 gra-
diem as previously described (Tollervey et al. 1993). RNA and 
protein was extracted from each fraction. RNA was resolved on 
standard 1.2% Agarose-formaldehyde gels and 60/0  acrylamide 
gels. Aliquots of each fraction were TCA precipitated and resolved 
using standard SL)S-PAGE techniques. The sedimentation profile 
of Nop53-TAP was detected by immunoblotting with a peroxidase-
conjugated rabbit lgG (Sigma). 
Fluorescence and immunofluorescence microscopy 
For imniunofluorescence cells were fixed in 3.75o paraformaldc-
hyde at room temperature and spheroplasted using zymolase. 
Noplp was detected with a mouse anti-NopI antibody (kindly 
provided by J. Aris, University of Florida), and a secondary goat 
antinlouse antibody conjugated to Alexafluor 555 (Molecular 
Probes). To stain nuclear DNA, DAPI was included in the 
mounting medium (Vectashield, Vector laboratories) For 
Rptl lb-eGFP localization assays cells were pregrown in galactose 
synthetic media lacking leucine. Cells were shifted to YPD media 
and samples collected and fixed between 0 and 4 h at 30-nun 
intervals. 
Heterokaryon assay 
Heterok.irvon assays were carried out as previously described (Peng 
and Hopper 2000), with the following modifications. Mating was 
initiated by concentrating an equal number of Nop53-GF1 3 cells 
and karl-I (provided by M. Rose, Princeton University) cells on a 
25-mm nitrocellulose filter with 0.45-p.m pore size, and incubated 
at 25C on a YPL) plate. Cells were removed from the membrane 
and fixed following 1-3 Ii of incubation, at 30-min intervals. 
Microscopy was carried out on a Leica [)MR fluorescence micro-
scope and pictures were captured using a Coolsnap CCD camera. 
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